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SYNOPSIS 

LOW TEMPERATUEE SPECIFIC HEAT OP Cr-Ee-Si ALLOYS 

A Thesis Submitted 

In Partial Pulfilment of the Requirements 
For the Ph.D. Degree 
by 

SUSMTA KU1\(1AR SI 
to the 

Department of Metallurgical Engineering 
Indian Institute of Technology, Kanpur 
September, 1973 

An exchange gas calorimeter, complete mth all the 
accessories for low temperature specific heat measurements in 
the temperature range of 4.2°K to about was set up. 

To standardise and test the performance of the apparatus, 
the specific heat of a sample of pure Copper was studied. The 

electronic: specific heat coefficient and the Debye tempera 

—4 —1 —2 

ture 0j^ obtained were 1.667 x 10 cal. mol. deg. and 
341 k, respectively in good agreement v;ith the published 
results. The accuracy of the calibration of the secondary 
carbon resistor thermometer ’vas estimated to be better than 
+ 0.001°K. The personal errors were minimised by using the 
least squares method while the instrum>ental errors entering 
the specific heat measurements were estimated to be within 
+ 1^ of the measured valiies. 

Low temperature specific heat study of the first long 
period transition elements indicatesthat three sub-bands 
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constitute the d band of these elements. The ternary 
( Or,.Fe^_^)gQ alloys show that A1 present upto about 

10 at^ have very feeble, if any, interactions with the 3d 
band of the transition elements. On the other hand experi- 
mental results of the low temperature specific heat of the 
ternaiy ■^"^20 indicate that the apparent 

effect of increasing A1 content to 20 at^ is to bring about 
electron depletion from the 3d band of the transition 
elements. In this context it was felt that the effect of Si 
on the 3d band of the b.c.c. transition elements would prove 
interesting to study. 


Low temperature specific heat of a b.c.c. binary 
alloy Cr^^Si^ and a series of nine b^c.c. (Clr^Pe^_^)gY ^^5 
alloys covering the entire spectrum from Or to Pe were 


investigated. The results for the Cr^Y^^3 binary alloy 
indicate that the electronic specific heat coefficient V as 


well as the lattice specific heat coefficient p are increased 
when Si is dissolved In Or. Out of the nine ternary alloys? 
six alloys covering the composition range from 5) 97 ^^3 

to (CrYQPe^Q)gY Si^ showed anomaly at low temperatures when 

p 

C/T were plotted against T . All the alloys except the 
(CrgQpe^Q)^^^!’^ alloy showed upturn anomaly and coiiLd be 
interpreted in terms of super paramagnetic cluster effects. 

The alloy (OrgQPeYQ)gY ^^3’ contrary, showed downward 

droop at low temperatures indicating possibly its complex 
magnetic structure. The remaining three alloys (Cr^QPe^Q^gYSi^.^ 



Sij and (Or^Eeg^)gYSi^ showed noimal straight 
line C/'T vs. plots. The electronic specific heat coeffi- 
cients ^ for the ternary (‘^ 2 ?y.Ee.j_^)^,y Si^ alloys were plotted 
against the transition metal electron concentration e/a. 

A comparison ?/ith the similar plot for the binary (Or Pe. „) 
alloys shoTOthat the curve for the ternary ( ^^3 
alloys has shifted towards lower transition element electron 
concentration. This indicates probable filling up of the 3d 
band vacancies by the conduction electrons of Si. 



CHAPTER I 


INTRODUCTION 

1 2 

H-ume-Ro thery ’ s ’ realisation of the regularities, in 
terms of 'the valence electron concentration e/a, in the occurrence 
of the primary solid solubility limit and the intermediate phases 
of alloys based on the noble metals with the polyvalent group B 
elements, and Jones' subsequent interpretation of this in terms 
of Brillouin-Zone Fermi surface interactions, continue to be 
important concepts in the theory of alloy phases. Although the 
simple regularities of appearance of phases in the alloys of the 
noble metals with the group B elements are not always realised 
in the alloys of the other metals, the occurrence and the stabi- 
lity of many alloy phases, including those of the transition 
elements, are found to exhibit at least a partial dependence 

A 

on the electron concentration^. While electron concentration has 
been realised as one of the factors responsible for the stabi- 
lity of a phase, its defiiaition remains rather ambiguous, 
especially for the transition metals because of their peculiar 

p 

electronic structures. According to Hume-Rothery ~ FeAl, GoAl, 

NlAl are 3/2 compounds provided the transition elements are 

5 : 

assumed to have zero valence. On the other hand Raynor observed 
in the alloys of Or, Ktn, Fe, Co, Ni with A1 that the same phase 
appears at the compositions CrAly, MnAlg, FeAl^, COgAlg, NtAl^, 
and these compositions correspond to a constant e/a ratio, 
except for FeAl^, provided the Pauling's electron vacancy '■ 



2 


num.'bers for the transition elements were used as negative 
valence in the e/a calculations; the implications being that 
some of the electrons from the A1 atoms are transferred to fill 
the vacant 3d states, of the transition elements»Of the alloys 
consisting of the transition elements only, the compositions of 
the a-Mn and the Cephases in various binary systems shift in 
such a way as to correspond approximately to a constant elec- 
tron concentration. Appearance of the other transition metal 
complex phases, like the P, , p-Mn phases, over narrow 

ranges -of compositions across the ternary phase diagrams indicates 
their sharp dependence on electron concentration^. The importance 
of electron concentration in the stability of the laves phases, 

a traditional size factor compound, has been recognised and 

7 8 9 

demonstrated ’ . Low temperature specific heat data on the 

Laves phases of ternary systems substantiate the earlier conten- 
tion^ that the preference of a particular Laves phase type over 
the others depends on electron concentration. 

The alloying behaviour of the non- transit ion elements, 
particularly A1 and Si, with the transition elements reveals 
some important features^'". A complex phase like the cf -phase, 
thought to be formed when both the elements are transition 
elements, is found to be formed by several of the transition 
elements with Al. An analogous example is the formation of the 
R-phase in binary systems with Si as the second element. In 
ternary alloys in which a non- transition element is the third 
element, many of the complex phase fields are extended' conside- 
rably. It is also found that the binary systems in which these 
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phases are expected hut donot form, get stabilised hy addition 
of A1 and Si. These behaviours could be explained by consi- 
dering charge contributions from the non-transition elenents. 

The theoretical interpretations of Jones-'^’ , and more 

1 2 

recently by Hume-Rothery and Roaf , on the correlation between ; 
e/a ratio and phase stability are based on the rigid band appro- 
ximation. Since the rigid-band approximation is based on first 
order perturbation in which the variation of the band shape with 

composition is ignored j theoretically such a correlation conti- 

1*5 14 

nues to remain unsatisfactory. Recently Blandin ’ ^ and | 

i R 

Heine have made, employing second order perturbation for 
calculating energy, fresh attempts to correlate e/a ratio with 

16 ' ^ 

the stability of alloy phases. However, the situation appears ' ( 

to be that neither the traditional ideas nor the recent theories 

I 

give a satisfactory explanation of the stability of alloy phases : 
in terms of electron concentration per atom. 

Even in the absence of adequate theoretical justifications 
till now, the vast experimental data available on alloy phases ; 
Indicate that the extent of the stability of alloy phases does 
depend on some kind of charge sharing between the constituent 

' ^ 

elements. To substant jmte such conjectures, based mainly on 
phase equilibria work, experiments which give direct informations 
about the electronic structures have to be carried out. Photo 
emission spectroscopy, soft X-ray spectroscopy, lov/ temperature 
specific heat, to name a few of the many techniques available now 
are being widely used for studying the electronic structure of 
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metals ami alloys. In the light of new data being made available 
by these experimental techniques, many of the traditional concept^ 
on the alloy phases are bound to come under fresh assessment and | 
reviev/, A couple of examples may be quoted as illustrations. 

1 V— . i P 

Photo emission study of iJi and Ni-Cu alloys indicate that ^ 

atleast for the loT;er range of Ni concentrations the rigid band 
model does not appear to hold good in this alloy system. Experi- 
mental evidences point rather to?/ards the possibility of localised 
states of Hi 3d levels between the Fermi level and the top of ! 
3d band density of states of Gu. Recently soft X-ray spectroscopy 

-IQ 

of transition metal-Al alloys has been employed to investigate 

the electron transfer from A1 atoms to the vacant 3d states of 

Mn, Fe, Co and Ri. The data indicate that the 3d band vacant i 

states in Mn, Fe, Co, Ri are progressively filled 13 ?- the valence I 

electrons of A1 as its concentration 'increases. This is in | 

contrast v/ith what has been observed in the specific heat data 

34 36 37 

of Fe-Cr-iil alloys,, ’ ’ However, there exists no one to one : 

correspondence between the number of valence electrons available 
from the A1 atom" at a certain composition and the number of 
vacant 3d states being filled by them. 

Low temperature specific heat data, as already mentioned, 

is also quite useful in studying the electronic structure of 

metals and alloys. It has been widely used for studying the 

structure of d band of the transition metals, and their alloys 

21 22 

v/ith the other transition metals ’ or with the non- transit ion 
metals^'^’^^’^'^. In the Be the- Sommer f eld theory of metals, the 
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electronic specific heat at low temperatijre is linear in tempe- 
rat-ure in the first order approximation. The lattice specific 
heat is proportional to when T < where Gjj is the Dehje 
temperature. Therefore, in the absence of any other contribu- 
tion, the total specific heat is given as: 

' G = r T + pT^ (1.1) 

where T and p are the electronic and the lattice specific heat 
coefficients, respectively. In this theoryT is proportional 
to the electronic density of states N(Ep) at the IFermi level and 
is given by: 

r = 2/3 a N(Ep) (1.2) 

v/here 2 is for both the spin directions, k is the Boltzmann 
constant, and a is a numerical factor determined by the units 
used for Y , B(Ej,) and k. Therefore, the value of the electro- 
nic specific heat coefficient T is a measure of the density 
of states at the i'ermi level of a metal or an alloy. 

The experimental data of the Y values of binary alloys 

of the first long period transition elements have been plotted 

21 

as a function of their average group numbers . ?/ithin the 
frame vrork of rigid-band approximation this Y vs. e/a plot should 
represent the density of states of the d band of the first long 
period transition elements. This Y vs. e/a plot shows prominent 
maxima and minima in the range of e/a from 4 to 9 . There is a 
maximum at e/a =4.5? follov/ed by two minima, one at e/a = 6 and 
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the other at e/a = 8.3. There is a very sharp peak at e/a = 6.4-. 

The prominent features in the y e/a curve correlate well 

with those of the Slater-Pauling curve. The minmuin of the 

electronic specific heat coefficient at e/a = 6, coincides with 

the first appearance of a spontaneous moment, and the second 

minim-um at e/a =8.3 coincides with the maximum value of the 

spontaneous moment. On the basis of the low temperature spec i- 

22 

fic heat and the magnetic moment data it v/as concluded that 
the region of. high electronic specific heat at e/a < 6 corres- 
ponds to a 3d suh-hand with paired spin up and spin down electron 
states. The region of high electronic specific heat, at 6<e/a <®'-5 
may he associated with a second 3d suh-hand with one spin direc- 
tion only; and the rise of electronic specific heat at e/a >8.3 
may he associated with a third 3d suh-hand characterised hy a 
spin orientation opposite to; that in the second suh-hand. 

The low temperature specific heat data together with the 

magnetic moment data indicate that the rigid-hand model is quite 

satisfactory for the h.c.c. alloys of the 3d transition elements.'^ 

24 

.In recent years, however, it has become increasingly • evident 
that the many-hodj'' effects in particular the electron-phonon 
interactions, v/ill increase' the meas-ured electronic specific 
heat coefficient over the one electron hand- structure value by 
an enhancement factor of (1 +X), where X is defined by the 
relation: 


* 

mb 




(1 . 3 ) 
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is the effective mass when electron-phonoh interactions are 
added to the one-electron hand mass m-j^. Estimates of the enhance- 
ment factor X for several metals -undergoing superconducting 

pA 9Q 

transition and the no hie ' metals and their alloys 
indicate that it is specially important for metals with high 
density of state's at the Eermi level. However, for most of the 
metals and their alloys an estimate of X value is not available. 

As a result the band shape derived from the experimentally deter- 
mined electronic specific heat data is subject to some uncertainty 
the extent of which is difficult to evaluate at the;^ present tine. 
This -uncertainty, therefore, is expected to contest the expecta- 
tion that the prominent features in the experimentally determined 
X vs. e/a plot for the 3d transition metals and their alloys 
are characteristics of the band structure of the transition metals 

pQ 

concerned. McMillan suggested that the electron-phonon enhance- 
ment factor should depend heavily on the phonon frequency spec- 
tr-um of the system concerned. The elastic constants, and 
therefore, the phonon frequencies, are not known to undergo 

drastic changes with composition in the solid solution alloys 

24 

of the neighbouring 3d transition elements. Hence, Beck con- 
cluded that the prominent feat-ures in the Y "vs. e/a curve of 
these 5d elements and their alloys reflect the corresponding 
variations in their density of states, even though the relative 
magnitudes of the various maxima and minjjma may get altered to 
some extent by the electron-phonon interactions. On this basis, 
therefore, it is reasonable to expect that even in the absence 
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of the detailed iQiov/ledge of many-hody effects, one can delineate 
a semi-quantitative picture of the structure of the 3d hand with 
a considerable degree of confidence; 

To determine if the non- transit ion elements contribute 

electrons to the 3d band, electronic specific heat of a series 

of alloys of 3d elements with non- transit ion elements were 
30 

measured . The results show a sharp decrease in'bT of V-Al, 

V-Sn, Y-Sb alloys with increase in the non- transition solute 

element concentration, indicating a possible rigid-band behaviour. 

However, a series of (Ti^ ^ Al^ ^ alloys^^ donot show the 

initial anticipated increase in the T values with increase in 

A1 content of the alloy. If one assumes rigid-band model one 

would expect that addition of the non-transition elements Al, 

Sn, SijSb to He should decrease T . The specific heat data on 

He alloys, however, show that they values practically 

donot change (actually it increases slightly). These specific 

heat data cannot be interpreted as a simple filling of the 3d 

band by the non- transition element valence electrons, but -they 

suggest localisation of the valence electrons at the solute 

atom sites; a fact consistent with the magnetic data on these 
33 63 

alloys Thus the low temperature specific heat data on 

the Y and He alloys with the non- transit ion elements indicate 
that the non-transition elements interact with the first 3d 
sub-band but not with the second 3d sub-band. A confirmation 
of this conclusion also emerges from a series of papers by Beck 
and his associates.'^ Ternary alloys of b.c.c Ti-Y, 
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¥-Gr, Cr-Fe, Fe-Co with constant A1 additions were studied. When 
the Y values were plotted as a function of the average group 
numher of the transition metal constituents only, the curves 
shov/ that for the alloys with 10 at%Al, the non-magnetic sub- 
hand is affected, wrhereas the magnetic second and the third 
sub-bands remain essentially unchanged. The lowering ofY' in 
the first 3d sub-band was explai-ned^"^ in terms of a reduction 
of the number of states in that sub-band in the presence of Al. 

The b.c.c. alloys of the transition metals with 20 at/QAl, 
however, produce a different picture. The prominent features 
in the Y vs. e/a plot for the alloys with 20 at%Al are displaced 

9 1 

with respect to those of the alloys without Al , indicating that 
the addition of 20 at%Al introduces a change in the 3d band of 
the transition elements. Since the displacement takes place 
towards higher transition metal electron concentration, it indi- 
cates, removal of 3d electrons so that the filling up of the third 
3d sub-band starts at a higher transition element electron concen- 
tration than in the alloys without Al or v/ith 10 at% Al. The extent 
of the shift as calculated from the displacement of the maximum 
at e/a = 8.0 corresponds to a loss of about 0.05 to 0.1 electrons 
from the 3d band. This is consistent v/ith the magnetic data of 
the Fe-.-Al alloys-^^, v/hich show that the addition of 20 at% Al 
leads to a decrease of about 0. 07/^2 per Fe atom. According to 
the model of ferromagnetism by Gupta et al.^'"' this would mean 

a' loss of about 0.07 electrons from the second 3d sub-band of Fe. 

/ 36 37 

The lowering of the minimum at e/a = 6 was explained^ ’ 


to be 
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the result of the shifting away from each other of the first and 
the second 5d suh-hands, which slightly overlap at Or. lowering 
of Y value in the h.c.c Or-Al alloys^''^' (20 to 25 at%Al) to a 
value lovrer than that for pure Cu also corroborates this idea 
of hand shifting. As the A1 content is increased to 50 at% , 
the two suh-hands are shifted hack to?/ards each other and the 
overlap 'between them is re~estahlished^®. Transport properties 
of Cr-Al alloys^® for 0.2 to 33.3 at%Al content support these 
interpretations in terms of hand shift. 

In the same context of charge transfer from the non- 
transition elements to the vacant 3d states of the first long 
period transition elements, the transition metal horides present 

some interesting features. On the basis of their physical pro- 

■ 39—4 2 

parties, including the magnetic properties, it has been 

suggested that the hand structirce of the transition metal remains 
approximately the same as boron enters the lattice to form the 
compound, and that the boron atom donates electrons to the 3d 
hand of the transition metal » thereby raising the Termi level 
over its positioi. in the pure metal. Howrever, subsequent low 
temperature specific heat study of the half, mono and the .dihorides 
show that their Y vs. e/a plot donot resemble that for the alloys 
involving the transition elements of the first long period. This 
refutes the earlier suggestions that the 3d band of the first 
long period transition elements do not appreciably change when 
boron atoms enter the lattice to form compounds. 
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Out of the several polyvalent non- transition elements j 
the alloying hehavionr of A1 and Si with the transition elements 
has been more widely studied. The stabilising effect of these 
tv/o elements on the complex intermediate phases of the transition 
elements is generally recognised to be due to some ’electronic 
factor’. If this conjecture is correct, then the presence of 
Si should be reflected in the electronic structure of the alloys 
of the transition metals in which it is present as a solute 
element. Already some work has been done to determine the 
effect of A1 on the electronic structure of the transition 
metals and their alloys. The present work on the low temperature 
specific heat of the b.c.c. Cr-le alloys with 3 at% Si was under- 
taken to study the effect of Si on the electronic structure of 
the first long period transition metals. 



CHAPTER II 


SXPSRIMEETTAL APPARATUS 

2. 1 General Criteria for Pesign : 

The specific heat of a substance can be estimated by 
measuring its temperature increment resulting from the introduc- 
tion of a known quantity of thermal energy. In this method it 
is necessary that the specimen is thermally isolated from its 
surroundings such that there is no heat loss from the specimen 
to the surroundings. A calorimeter utilising this condition is 
known as an adiabatic calorimeter. 

In specific heat study at low temperature the tempera- 
ture range of investigation is generally confined to 1.4 to 

4.2 Since the boiling point of liquid He, as that of any 
other liquid, is fixed by its vapour pressure, it is possible 
to achieve this temperature range bycontrolling the vapour 
pressure over the liquid He bath by pimaping through a manifold 
of control valves and a mamostat. After reaching the lowest tem- 
perature the thermal isolation of the specimen can be achieved 
by producing high vacuum (of the order of 10 torn.) inside the 
calorimeter. T^e heater and the thermometer both have to be 
kept in thermal contact vrith the specimen. The thermal energy 
to the specimen can be supplied by passing f';r a definite time 
interval a constant current through a heater coil. The temperature 
is quite commonly measured by the secondary thermometers like 
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carbon or ■ germanium resistors calibrated against the temperattire 
of the liquid He bath at varying vapour pressures. The secondary 
thermometers are calibrated using the He vapour pressure scale 
either using the vapour pressure of the He bath or providing a 
He bulb near the thermometer. The thermometer resistance is 
measured employing a D.C. potentiometer together with accessories 
for efficient operations. In most of the laboratories He is used 
in a close circuit. The evaporated gas is collected in a gas 
bag through a recovery line connected to the liquid He dewar, 
purified and stored in cylinders for re-liquifaction. 

Based on the requirements mentioned above, the present 
experimental equipment for low temperature specific heat study 
constituted a cryostat to attain temperatures in the range of 
4.2°K to about 1.4 a calorimeter to provide thermal isolation 
of the specimen, a heater to supply heat in the form of electrical 
energy, a thermometer to measure temperature, and the necessary 
accessories. 

2.2 Equipment Design and Description : 

2.2.1 Cryostat: 

As shown in Bigure 1 , the cryostat constituted an assembly 
of two glass devi^ars and a metal top. The outer liquid nitrogen 
dewar ( 7? Bigure 1) was of 6'* 1. 1) x 8 O.I). x 28 •' over- 

all height with two vertical slit-windows, about 3/8" wide, running 
all along the length on two opposite sides of the dewar for 
observations. The inner liquid He dewar ( 6,Bigure 1) v/as of 
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2-^" I.D X 4 O.D X 30" over all height. It was fitted with 
a 3 xnn glass stop cock for evacuation of the space enclosed 
hetv/een the double walls. Two vertical slit windov/s, 3/l6" 

Y/ide, run all along the double v/alled portion of the dewar. The 
double walled Pie dewar ended at its top v/ith a single wall 
extension. A kovar rings o^ae end of v/hich was silver soldered 
to a l/4" thick x 4 1/2" diameter brass flange v/ith a 2 
0-ring groove was sealed to this single walled dewar neck. 

The cryostat v/as housed in a table of dimensions 
22 "x 12 "x 33 1/2 ", made from 1.5" angle iron. liquid He dewar 
was suspended from the table top of l/4" thick aluminium plate 
( 4i«l'igiire 1). To facilitate easy wath drav/al of the He dew&,r 
the alminium table-top plate was made in tv/o pieces. The He 
dewar v/ith the metal top of the cryostat was held rigidly on the 
aluminium plate witPi six 1/4" brass bolts. The table height Y*a.s 
fixed such that in the cryostat assembly the glass stop cock, 
of the He dewar was well above the brim of the liquid nitrogen 
dev^ar, and the clearance between the bottom of the tv/o dewars 
was about 1.0 A 3/8 " diameter hole was made in the aluminium 
plate for insertion of the liquid nitrogen syphon as also for 
introducing a polythene tube dovai to the bottom of the liquid 
nitrogen devwi,r for drav/ing out collected Y/ater at regular inter- 
vals. The draining out of water from liquid nitrogen dewar 
was a routine job for dewar protection, found specially necessary 
in humid weather. 





1. METAL CAP 

2. He INTAKE 

3. MULTITERMINAL HEADER 

4. ALUMINIUM PLATE 

5. METAL TO GLASS SEAL 
e.LIQ.He DEWAR 

7 LIQ. Nj DEWAR 

8 THINWALLED STAINLESS 
STEEL TUBE 

9 CARBON RESISTOR 

10' HEATER THERMOMETER 
ASSEMBLY 

11 SPECIMEN 

12 CALORIMETER 


Fig.1 Cryostat for low temperature specific 
heat measurements 
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The metal head of the cryostat ?;as rigidly bolted on the 
He dewar flange forming a leak proof joint. The cryostat head 
had three outlets, a 2" diameter flanged opening to connect the 
reco'very line as well as the pumping line, a 1 *' diameter second 
flanged opening connected to the mercury manometer for register- 
ing vapour pressure of the He hath and the third outlet was a 
small 3/8'* diameter copper tube connected v^rith a Hoke needle 
valve figure 2). A brass nipple was soldered to the open 

end of this valve. This outlet was used for several purposes: 

(i) for initial evacuation of the He dewar, 

(ii) to introduce He exchange gas and 

(iii) for connecting the bleeder tube of the liquid He storage 
dewar before transferring liquid He to the cryostat. 

The vacuum jacket and the inside of the He dewar were 

evacuated by a two stage Duo-Seal mechanical pump (Mech.Pump lo,2 

Figure 2) with a pumping capacity of 58 litres/minute and an 

— 2 

ultimate vacuum of 2 x 10 torr. A Teeoo thermocouple gauge 
(T.C.I, Figure 2) vas used to monitor the evacuation. 

2. 2. 2 Main Pumping System and the Control Manifold: 

(a) Pumping System: 

The temperature of the He bath vras controlled by pumping 
over it through a manifold of control valves, A 3" diameter 
central pumping line .(with extensions to all other low temperature 
apparatus ) was . .available for pumping above the He bath. This 
pumping line was connected to a (Model KDH-130) Kinney pump with 
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an ultimate pressure of lO"^ torr. and a capacity of 130 c. ft/ 
minute. The exhaust of the pump was connected through the valve 
to a gas hag (Tigure 2) for collecting the gas for reuse. 

(h) Valve Manifold; 

The control manifold, constituting a manostat and a 
system of four valves V^, V^ , 7^, 7^ arranged parallel to each 
other, was connected to the cryostat head through a 2" diameter 
copper pipe and a 2*' diameter vibration eliminator. The valve Vg 
was a 1 l/2*' diameter Sylphon diaphragm valve which connected the 
cryostat directly to the He gas hag through a 1 l/2'' diameter 
recovery line. This line was provided for collecting He gas 
under normal boiling conditions of liquid He. The valve 7^ 

V7as kept closed during pumping over liquid He. The cartesian 
manostat (model 8, manostat corporation, H.Y.) fitted with a 
1 mm orifice, together with the l/4 ” diameter diaphragm valve 
7j, the 1/2 ” diaphragm valve 7^ and the 2" Cane Y-valve 7^ 
could be used effectively for controlling the imrrping speed, 
and hence the vapour pressure of the liquid He bath. 

2.2.3 Helium Vapour Pressure Manometer: 

A mercury manometer (Figure 2) v/as installed to measure 
the vapour pressure above the liquid He bath. The manometer 
was made of two pyrex glass tubes, 14 mm I.D x 1 meter length, 
with their lower ends dipped in a pool of triple distilled 
mercury. The upper end of one tube was connected to the 1" outlet 
of the cryostat head through a 3/8 "diameter shut off diaphragm 
valve, and the other tube was connected through a 3/8 "shut off 
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diaphragm valve to a mechanical pump (Mech Pump No. 2, Pigure 2). 

The difference in the heights of the mercury columns in the two 

tubes indicated the vapour pressure of He. The heights of the 

mercury columns were measured with a cathetometer with- a least 

count of 0.01 mm, supplied by Gaertner Scientific Corporation, 

Chicago, IJ.S.A. The cathetometer was placed 9 feet away from the 

manometer and levelled properly before taking each reading. Since 

—2 

the end pressure of the mechanical pump was about 2 x 10- torr, 
which is negligible compared with the accuracy of the cathetometer 
it is justifiable to take the difference in the heights of the i 
two mercury columns as the absolute pressure of ’.He vapour above 
the liquid bath. The elapsed time between taking the two readings 
with the cathetometer was tj^pically between 15 to 20 seconds. i 

Since very slow pumping over liquid He was employed, the change | 

in the height of the fixed column was found negligible. Hence j 

the dynamic method of vapour pressure measurement involves no [ 

serious inaccuracy. . j 

2-2.4 Galorimeter Assembly : 

The calorimeter assembly (Pigure 1) consisted of three 

major sections; (i) the calorimeter can for accommodating as well j 

■ ' ' ■ ' ' ■ ' i 

as for thermally isolating the heater -thermometer-specimen 

assembly, (ii) a flanged copper tee at the top that could be 
coupled to a vacuum train, and (iii) a l/2" I.B x 26'* long x 0.006' 
thick stainless steel tubing ( 8, Pigure 1) connecting the calor.1-- 

meter can to the copper tee at the top. The calorimeter can is 
evacuated through this tube. 
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The calorimeter can ( 12,;T'ignre 1) was made of stainless 
steel tube 1 " O.D. x 4" long x 0-.012 "thick, fitted with a 

l/32 "thick copper end plate which covered the bottom of the 
calorimeter can. The open end of the can had a l/32 " thick 
machined copper ring such that it fitted snugly on the copper 
cover plate which was silver soldered to the free end of the l/2" 
diameter stainless steel tube. An octal Kovar plug was soft 
soldered to the calorimeter cover for bringing in the electrical 
leads to the calorimeter. Since this plug was thermally connected 
with the He bath, it also functions effectively as a radiation 
shell. The calorimeter can was slipped on to the copper cover to 
facilitate soldering. This was the only joint which had to be 
opened and re soldered each time a new specimen was put in. Wood’s 
metal was used for making this joint. It had the advantage of 
having a very .low melting point so that the insulation of the 
lead wires and the tin-lead solder of the neighbouring joints 
remained unaffected during soldering of the ,can. 

(a) lead Wire Connections; 

During Specific heat measurements it is necessary to 
thermally isolate the specimen. Therefore, for minimizing heat 
leak through the lead wires 40 gauge nylon covered Manganin 
wires were used. Since soldering of these thin wires were 
difficult and there were chances of their opening up or tearing 
from the octal Eovar plug, the insulation stripped ends of the 
Manganin wires were wrapped round a 1" piece of 30 gauge copper 
wire and soldered to it. The lead wires were ensheathed in thin 
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teflon spaghetti which ' snugly fitted to the end copper v/ires. 

The lead wires were passed through the l/2” diameter stainless 
steel tube of the calorimeter assembly and soldered to the 
Kovar plug leads.- Since single pieces of Manganin wires were 
used as lead wires no spurious thermal emf was detected. This 
arrangement was found better than using half lengths of 30 gauge 
copper wires and Manganin wires for making up the lead wires. 
Copper lead wires were soldered to the outer Kovar plug to 
connect the calorimeter leads with the instrument panel. 

(b) Heater-Thermometer Assembly : 

The heater-thermometer assembly was made for accommodating 
the carbon resistor thermometer and the heater coil. The specimen 
in t?/o pieces were tied on the two flat sides of this assembly. 
These were made from pure copper with a size of 7/l6” diameter 
and 3/16” thick flats with a l/2” long extension arm ECKigure 3). 
The weight of copper, which was chosen as the structiiral 
material due to its low heat capacity and good thermal conduc- 
tivity, was less than 0.06 mole. The carbon resistor thermometer 
was chosen for its high negative temperature coefficient at low 
temperature and because of its known temperature-resistance 
relation. The theimometer was fitted ixi the small hole at the 
middle of the assembly body (B in Eigure 3) • The I/4 watt Allen- 
Bradley carbon resistor used as the thermome ter had a nominal 
room temperature resistance of 56-^ . The external insulation 
and the colour coding were removed by wiping with acetone. A 
thin coating of clear glyptol lacquer was put on the resistor 
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before encasing it in the copper block. This coating, on 
curing for two days, provided a satisfactory electrical insula- 
tion and good thermal contact between the carbon thermometer 
and the copper block. The heater was made with about 10’ long 
40 gauge nylon insulated Manganin wire. It was wound non-inductivel; 
into the peripherial groove of the copper block (C in figure 3)* 
Tour heater and four thermometer leads of nylon covered Manganin 
wire were provided for connecting the heater thermometer assembly 
to the octal Kovar plug of the calorimeter. 

(c) He lium Intake Line : 

A helium intake line was provided on the top flange of 
the calorimeter assembly. Initially this was made of two thin 

I 

walled stainless steel tubes placed concentrically with a pro- 
vision for evacuating the space between the two walls. It was | 

provided vdth a metal cap and an 'O'-ring seal. This intake worked 

l, 

well for first few transfers, but later on developed some micro- 
leak undetectable at room temperature and yet sufficient for | 

heat leak at liq.uid He temperature causing difficulty in liquid | 
He transfer. This double walled intake line was replaced by a ! 

single walled l/2” diameter, 12” long and 0.006” thick stainless | 

steel tube fitted ?;ith a metal cap and an 'O'-ring gasket. In 

' ■ ^ ^ ' ' ' ! 
this arrangement the delivery end of the transfer syphon itself | 

was pushed through this inlet deep inside the experimental dewar. 
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(d) Evacuatiori Arrangement for the Calorimeter : 

In exchange gas calorimeter evacuation prior to putting 
He exchange gas inside the calorimeter was necessaiy. Also a 
high vacuum had to he created inside the calorimeter can for 
thermalisolation of the specimen. A vacuum train was assemhled 
for this purpose (Eigure 2) . The vacuum train consisted of 
(i) a mechanical purap (Mech. Pump IJo. 2, Figure 2) , (ii) a diffu- 
sion pump with accessories, (iii) pressure measuring gauges, and 
(iv) an inlet fitted with two valves (Figure 2) for 

putting in the exchange gas. The mechanical pump was a two stage 
Due-Seal (Model 1402) pump with a pumping speed of 140 litres / 

_'5 

minute and an ultimate vacuum of 10 torr. The 2" oil diffusion 

pump (Veeco,EP-2W ) had a pumping speed of 90 litres/ sec. and 

-9 

an ultimate pressure of 2 x 10 torr. The accessories included 
a water cooled baffle and a metallic liquid nitrogen cold trap 
for enhancing the vacuum and also for blocking any stray oil 
vapour from getting into the calorimeter. A Veeco RG--75K ioni- 
zation gauge (I.G,, Figure 2) and a Veeco DV-lM thermocouple 
gauge (T.C. gauge 2, Figure 2) were provided to monitor the 
level: -of vacuum inside the calorimeter assembly to which the 
vacuum train was connected. The ionisation gauge and the thermo 
couple gauge were fitted with the valves V ^2 V^^ (Figure 2) 

respectively, to isolate them from the vacuum line. 
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2.2.5 Electrical Circuit ; ' 

The principle of measurement of specific heat at low 

temperature involves a Icnovm amount of heat input to the specimen, 

and the measurement of the corresponding rise in temperature. 

Heat was supplied in the form of electrical energy /iE = i Rt, 

where i ?ra,s the heating current, R the heater resistance and 

t the duration of heating current. The temperature was measured 

hy a carbon thermometer calibrated against He vapour pressure 

above the liq.uid He bath. Keeping all these requirements in 

mind the electrical circuit design, adapted from that used by 
45 

Cheng^-"^, had the following main features; 

(i) a thermometer circuit for accurate measurement and control 
of measuring current, 

(ii) a recording branch extending from the thermometer circuit • 
for continuous measurement of e.m.f. across the thermometer, 

(iii) a heater circuit for accurate measurement of heater 
currents and the hea.ter resistance, and 

(iv) a time measuring device to accurately note the duration 
of a heat pulse. 

(a) E.M.E. Measurements ; * 

A complete schematic diagram of the electrical circuit ' 
and the instruments used is shown in Eigure 4. A photograph 
of the control and the measuring panel is shown in Eigure 5. ' 

The main measuring instrument was a Leeds and Horthrup K-5 
potentiometer capable of reading e.m.f. from 0 to 1.6 volts to 
an accuracy of + (0.015% + 0.5/^'V). A Leeds and Horthrup 2430 D 
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type galvometer ( sensitivity 0.0005/^ A/rom) was used together 
with the potentiometer. Two thermal free h.P.P.T. switches , 

I>2 linked the heater and the thermometer circuits to the poten- 
tiometer. A third D.P.D.T. switch was included in the circuit 
so that resistivity studies at low temperature could also be 
done using the same basic circuit. In order to standardise the 
heater a.nd the thermometer currents, standard resistors of 
100-^+ 0.005% and 10,000-f^ + 0.005% values were^used in the 
respective circuits. Current value of 1 /u a in the thermometer 
circuit ms controlled through a six step O-IM^^- decade resistance 
box. Por the heater circuit a seven step 0-1 decade resis- 
tance was necessary for proper heater current control. By chahginj 
the variable resistors in the decade boxes, the potential drops 
across the standard resistors were balanced against the chosen I 
fixed e.m.f. produced at the auxiliary binding posts of the K-3 | 

potentiometer. Since the value of e.m.f. at the auxiliary binding 
posts and the value of the standard resistors were known, it ms i 
possible to know the exact values of current flowing in the 
heater or the thermometer circuit. As the resistance of the 
carbon thermometer, and thus the measuring current, changed I 

rapidly during the specific heat measurement, manual manipulation 
of the adjustable resistor in the thermometer circuit ms 
necessary to return the measuring current to its desired value. ! 
The heater resistance at liquid' He temperature ms also deter- i 
mined in each experiment with the help of the K-3 potentiometer. 

t;',. ' I 

In order to make the temperature measurements fast and continuous 

yA ; r 

during a heating cycle, the e.ia|;f. across the thermometer v/as 
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slightly over halanced using the e.m.f. of the K-5 potentiometer. 
The difference e.m.f. vjas fed to a Leeds and Northrup D.O. 
microvolt amplifier (maximum output 10 mY, output characteristics 
linear ) 5 and the amplified e.m.f. tos recorded on a Leeds and 
Lorthrup speedomax recorder at a chart speed of 3” per minute. 

The e.m.f. across the thermometer before the heating current 
7ra,s turned on and after it was turned off were recorded in this 
way, so that the change in the thermometer e.m.f. due to a heat 
pulse could he read directly and accurately from the chart. 

This change in e.m.f. could he readily converted into the tempe- 
rature increment from the thermometer calibration data. 

( h) Time Measurement ; 

A Beckman electronic E. Put and Timer (Model 5320) with 
maximum resolution of 10“*^ seconds was used to accircately measure 
the duration of a heating .period. In order to measure the dura- 
tion of; a heat pulse accurately, the heater switch and the timer 
were coupled so as to operate there simultaneously. This was 
achieved by opening the earth connection of the gate tube of the 
timer. The gate could be grounded via. the toggle switch Tg 
(Eigure 4) in the heater circuit. The switch Tg at ’on' position 
■completed the gate circuit as well as the heater circuit and the 
counting started. At 'off position it 'opened' the gate circuit 
and- the counting stopped. Therefore, the tine interval for which 
Tg was at 'on' position and hence the time for which the heater 
was on could be known accurately’’. 
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(c) Accessory Equipments : 

Se-veral accessory equipments "besides the main ones were 
incorporated in the electrical circuit. To take care of the 
large fluctuations in the line voltage a General Radio voltage 
regulator (model 1581 A H: regulations + 10%; 4-*6 kYA) was 
used for meeting the power requirements of all the instmunents. 

A Veeco gauge control ^ (Type- RG-31X) with provisions for use 
with two thermocouple gauges and one ionisation gauge inputs, 
was used to monitor vacuum at various parts of the apparatus. 

Two Leeds and Uorthrup constant voltage sources (2 Yolts constant, 
12 mA maximum) connected in parallel were used as the K--3 poten- 
tiometer pov/er supplies. A third such , constant voltage source 
was used in the thermometer circuit. Heater current was drawn 
from a 6 volt storage cell of low discharge characteristics. 

Table 1 gives the list of the important equipments used 
together with their ranges, accuracy, capacity and any other 
important specifications. The circuit was designed keeping in 
vie?7 the low levels of currents and voltages involved. To eliminate 
stray e.m.f s the followdng precautions were taken: 

(i) the passive equipments, namely the K-5 potentiometer, 
the Variable and the standard resistors, the galvanometer were 
mounted in one rack separate from the other housing the active 
equipments, namely the D. C. microvolt amplifier, the recorder, 
the counter and the vacuum gauge control, 

( ii) all connections were made with lacquered copper wires, 

( iii) necessary shieldings and groundings were made, 
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(iv) thermal free solder was used for l.G. microvolt ampli- 
fier and recorder connections, 

(v) the lead v/ires from the calorimeter to the measuring 
panel y/ere shielded and the shields properly grounded, 

(vi) the guarded circuits of the K-3 potentiometer were extended 
to the external electrical circuit in the control panel. 

Y/ith these precautions the electrical circuit rendered reliable 
trouble free performance. 

The potentiometer measured cpuantities together with the 
calibration data, recorded curves and the registered time provided 
the necessary informations which had to be collected. The experi- 
mental procedure, the method to obtain original data and the 
calculations involved in deriving the filial data are discussed 
in subsequent chapters. 
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CHAPTER III 


EXPERIMENTAI PROCEPHRE 

3 » 1 Premra'ciori of Sr)enj.men : 

Specimen preparation consisted of alloy melting, annealing, 
metallograpliic examinations and finally machining into necessary 
shape and size. i 

3.1.1 Melting: 

One binary Cr-Si alloy and nine ternary Cr-Pe-Si alloys 
were prepared. Taking the melting point of the binary Gr-Pe | 

alloys as guide line, choice was made between the two available 
melting methods, namely, (i) electric arc melting, and ( ii) indue- I 
tion melting in re crystallised alumina crucible. In both the cases j 
a protective atmosphere of argon gas was used. The ^ ^®48 5®^* 

alloy and tv/o other alloys vdth higher Pe concentration were melted 

, 

in induction furnace. Rest of the alloys including the binary I 
Cr-Si alloy were melted in arc furnace. The amount of charge was jl 
limited to about 0.75 moles. This T\ra,s a compromise between the I 
necessity ox larger specimens for better accuracy of measurement 
and the limitation due to the calorimeter size. In the induction 
furnace the complete charge could be melted into a single button. i 
The arc furnace crucible could handle a maximum charge of about | 

25 gms. Because of this limitation two buttons had to be made I 

for each arc melted alloy. Each alloy button was re melted at ! 

least twice 5 turning it upside down each time. By careful standard:’ | 
sat ion of the arc furnace parameters like current and time, the 
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melting losses conld be kept to within 1%of the total charge. 

In induction melting the weight loss remained within 0.’2% . All 
alloys vrere analysed chemically and the chemical compositions 
are shovrni in Table 2. 

3.1.2 Heat Treatment : 

After melting each alloy was given a homogeneous annealing 
treatment at suitable temperatures. Since the specimen size was 
too large for sealing in evacuated silica capsule, they were 
annealed in a furnace with purified .argon gas atmosphere. The 
specimens were wrapped in Mo foil, which acted as getter, for 
annealing in the gas furnace. With adequate flushing of the fur- 
nace with argon gas prior to raising the temperature of the speci- 
men it was possible to prevent oxidation of the samples. To 
arrive at the appropriate annealing temperature Cr^ 2 35 ^^3 

alloy was annealed at 1100^0 for 3 days and Crg^ Fe^ rjQ Si^ qq 
alloy at 1150^0 for the same period of time. Both showed small 
amounts of a second phase. Subsequent annealing of these alloys 
at 1200°C produced single phase alloys. The aimealing time and 
temperature used for various alloys are listed in Table 3* 

3.1.3 Metallo graphic Examination : 

The arc melted alloys were ground into approximate hemi 
spherical shapes and their flat surfaces ’were polished through 
4/0 emery papers followed by finer polishing on wet cloth. The 
induction melted alloys v/ere cut into two pii-ces and the flat 
surfaces were polished in the same manner. 5% Hital was used 
for Cr^ ^®92 -15 ^^3 00 etchant, .ill the other alloys 
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were electro etched ■using 10% oxalic acid as electrolyte and 
stainless steel ’as cathode. Examination of each sample showed 
that they were single phase alloys. 

5 *2 Bx-perimental 'One rat ions : 

Ihe experimental operations may he divided into foiir 
major stages: 

(i) specimen loading, 

(ii) preliminary work, 

(iii) calibration of carbon thermometer, and 

(iv) recording of the heating curves. 

5.2.1 Specimen loading : 

for specimen changing, the calorimeter assembly was 
mounted vertically in a stand. The calorimeter can was dismounted 
from its cover by melting down the Wood's metal joining the two. 
After demounting the can the lead wires from the heater and the 
thermometer were disconnected from the octal Kovar plug sit-uated 
below the calorimeter cover. The specimen, hanging freely from 
a thread was cut loose. The calorimeter v/as then ready for 
mounting a nev/ specimen. 

The specimen, in two pieces, was v/eighed and placed on 
the tv/o opposite faces of the beater-thermometer assembly 
(figure 3). A very thin film of high vacuum silicon grease 
was applied to the contact surfaces for good thermal contact 
betv;een the specimen and the heater-thermome’oer assembly. 

Bare 26 gauge copper t^ire was used to rigidlj^ tie the specimen 
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Sable 2 

Clieraical Composition of Alloy Specimens 


SI. 

No . 

Nornirial Goinpo sit ions 

b /q 

Aiialysed Compositions 

At% 

Or 

I?e ' 

Si 

Or 

Pe 

Si 

1 . 

92.15 

4.85 

3.00 

92. 11 

4.88 

3.01 

2. 

87. 30 

9.70 

3.00 

87.25 

9.68 

3.07 

3. 

82.45 

in 

• 

— 

3.00 . 

81.71 

14.41 

3.88 

4. 

77.60 

19.40 

3.00 

77.63 

19.58 

2.79 

5. 

72.75 

24.25 

3.00 

73.04 

24.35 

2.61 

6. 

67. 90 

29.10 

3.00 

67.45 

28.46 

4.09 

r-7 

1 • 

48. 50 

48. 50 

3.00 

48.29 

48.87 

2.84 

8. 

24.25 

72.75 

3.00 

23.22 

73.88 

2.90 

9. 

4.85 

92.15 

3.00 

4.95 

92.10 

2.95 

10. 

• 

o 

o 


3.00 

97.02 


2.98 
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Table 3 

Melting and Annealing History of tbe Alloy Specimens 


SI. Alloys with nominal Melting Annealing Annealing 

Ho. compositions furnace temperature* ' time 


1. 

^^92.15 

■fe 1- c cr 

4.85 

^^3.00 

Arc 

1100^0 

1200°C 

3 

3 

Days 

Days 

2. 

. o 

00 

• 

o 

■^^9.70 

'^^3.00 

Arc 

1 1 50°C 
1200°C 

3 

3 

Ifeys 

Days 

3. 

^^82.45 

I'e 

14.55 

^^3.00 

Arc 

1200°C 

3 

Days 

4. 

^^77.60 

■^^19.40 

^^3.00 

Arc 

1200°C 

3 

Days 

5. 

^^72.75 

^®24.25 

^^3.00 

Arc 

1200°C 

3 

Days 

6. 

^^67.90 

^®29. 10 

^^3.00 

ilrc 

1200°G 

3 

Days 

7. 

^^48. 50 

^®48. 50 

^^3.00 

Induction 

1200°G 

3 

Days 

8. 

^^24.25 

•“'®72.75 

^^3.00 

Induction 

1200°G 

3 

Days 

9-. 

^^4.85 

^'®92. 15 

^■'^3.00 

Induction 

1100°C 
800° C 

2 

3 

Days 

Days 

10. 

^^97.00 

^^3.00 


Arc 

O 

o 

o 

o 

3 

r&ys 


* The higher annealing temperature for some of the alloys, 
except the allo 3 ?- no. 9 , indicates the final annealing tempe- 
rature from which they were q_uenched. The alloy no. 9 was 
quenched from SOO°C. 
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to tbe heater—thermometer assembly for holding the pieces together 
and for better thermal contact between the specimen and the 
heater- thermometer assembly. The assembly was reweighed to 
determine the total amount of copper in the specimen-heater- ; 

thermometer assembly. Before mounting the specimen in the 
calorimeter it vra.s foimd important to carefully inspect the 
tinned lip of the calorimeter can. Any sticky material, i 

usually -oxide, formed during the demounting operations had to 
be carefully removed to ensure a. dependable joint. A simple 
• way for its removal was to use a jeweller's file, or even a 
safety razor blade. In the case of a very extensive film for- 
mation it was found advisable to completely clean the surface I 

with coarse and subsequently fine emery papers, or with proper i 
care by a jevreller's file, and re-tin it. The same procedure i 

was adopted for the calorimeter can top onto #iich the calori- | 

meter can was soldered. Since this was the most vulnerable of ! 

,, all the vacuum joints and had to be handled in every experiment, 
a detailed procedure for obtaining a dependable joint is given 
in the, Appendix A. 

The specimen was suspended with a thread at the calori- 
ineter centre in such a manner that it did not touch the can wall. | 
The lead wires were soldered to the appropriate pins in the 
octal Kovar plug. Before the calorimeter can was mounted the 
resistance values of the lead wires were measured as a check 

i 

against any short circuiting between the lead wires themselves 

t 

and also between the lead wires and the calorimeter body. After | 
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this routine check the calorimeter can ms pushed onto the 
cover and soldered with Y/ood’s metal. 

Before putting the calorimeter assemhly in the cryostat 
it was essential to make vacuum check. Por this the calorimeter 
assembly w&a coupled with the vacuum train (Pigure 2) outside 
the cryostat and evacuated. The freshly mads Wood’s metal 
joint was carefully tested for leak. Sometimes a joint found 
irreproachable at room temperat'ore showed leak at liquid He 
temperature. To take precautions against such a lov; temperature 
leak (different from superfluid leak) the calorimeter can, when 
at about 1 2 ; 10 torr. pressure, ms dipped in liquid nitrogen. 
If the vacuum stayed it ms found that the joint ms leak proof 
at liquid He temperature . 

3.2.2 Preliminary Work ; 

The calorimeter assembly after specimen loading and 
vacuum checking, ms assembled in the cryostat and coupled with 
the vacuum train. The calorimeter ms evacuated to a high vacuum 
(lx 10“^ torn.). The inside and also the space betv/een the 
double walls of the He dewar were evacuated to a pressure of 
about 4 x 10“"^ torr. Hext the mechanical pump (Mech. Pump No. 2, 
Pigure 2) used for the purpose ms put off and the valves Vg 
and (Pigure 2) closed. By opening valve a small amount 
of air vv-as allowed to leak into the He dev^ar, jacket. When this 
air pressure ms about 0.5 to 1.0 torr. the valve vas closed 
Liquid nitrogen was transferred from the storage demr through 
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a syphon till the experimental nitrogen de war was -filled almost 
to the hrim. After liquid nitrogen filling the He de war was 
filled with dry He gas from, a gas cylinder to one atmosphere 
pressure. This gas acted as heat exchanger for cooling the 
calorimeter assembly to liquid nitrogen temperature* About 
1 mm Hg of He gas x^^as then introduced into the calorimeter 
through the valve to act as an exchange gas between the 
calorimeter can and the specimen. The system was left overnight, 

8 to 10 hrs, to come down to liquid Hg temperature. 

Before starting liquid He transfer, liquid nitrogen in 
the nitrogen dewar was replenished. Then a routine check of 
the heater and the thermometer resistances was made to ascertain 
that the system reached liquid 1^2 temperature. The vacuum 

—2 

space of the He transfer tube m.a evacuated to about 4 x 10 torr. 
A puff of He gas from the cylinder was alloxved through the liquid 
He transfer tube to make sure that the passage vvas free. Before 
bringing the He storage devar the valve (figure 2) in the 
recovery line v/as opened such' that the evaporated He gas could 
escape to the He gas ba.g for collection and subsequent recircu- 
lation. The storage dewar was brought into the room and its 
bleeder outlet was connected to the valve Y.^^ (figure 2) in the 
experimental He dewar top. The storage dewar was allowed to 
rest for a few minutes for stabilising the gas pressure inside 
it. The liquid He transfer tube was connected to the He gas 
cylinder and its two ends inserted into the storage and the 
experimental dewars. The valve Y^ ^ (figure 2) was closed and 
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the transfer tube slowly pushed inside the storage and the expe- 
rimental dewars, taking precaution against sudden pressure rise. 
When the transfer tube was lowered at a correct rate no over 
pressure was found necessary for the liquid He transfer. Sometimes 
only, about 1/4 to l/2 psi over pressure was necessary for the 
transfer. When the liquid started flcv/ing into the deTOr, its 
level inside was follov/ed. With about 3/4th of the dewar filled, 
the bleeder outlet of the storage dewar was opened by opening 
the valve (figure 2), to release the gas pressure inside 
it, and the transfer tube was raised above the liquid level of 
the storage dewrar thus stopping any further liquid flow. After 
allowing the storage dewar pressure to come down to about the 
normal, atmospheric pressure, the transfer tube was taken out 
and the storage dev/ar and the He intake tube of the experimental 
dewar were closed by the respective stoppers, and then valve 7^^ 
was closed. After liquid He transfer, the potentiometer current 
was standardised and the heater and the thermometer resistance 
values were measured a^id noted down. 'Ihe thermometer current 
was standardised at It'" A value by appro pi* lately setting the 
decade resistance in the thermometer circuit (I'igure 4 ) • Next 
the heating currents were standardised for 0.1, 0.2, 0.3, 0.5, 

0.8, and 1.0 mA values by adjusting the tv/o variable resistors 
in the heater circuit (Figure 4 ) ♦ Also the microvolt amplifier 
and the recorder were calibrated using the calibrated e.m.f. 
from the K-3 potentiometer. Finally the sva^'ches were set at 
recording position. 
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The S 7 \ritcb positions for various operations are shown 
in the Appendix B. 

3 . 2.3 Thexmometer Calihration : 

The carbon thermometer was calibrated against the tempe- 
rature of the liquid He bath , as deteimined from the vapour 
pressure at the surface of the liq_uid He bath, using 1958 H.B. S. 
He*^' scale of temperature. Before pumping over liquid He to 
lower the vapour pressure, the valve ¥2 (I'igure 2) in the 
recovery line was closed and the valve in the pumping line 
was opened. The 'valves were kept closed for a 

fewf minutes to allow the He bath and the pressure over it to 
come to a steady state condition. Gradually the pumping rate 
was. increased by opening the appropriate valves and 

The manometer pressure was read by the cat he tome ter and the 
corresponding e.m.f. developed across the. thermometer was noted. 

Since the measuring current of the thermometer was fixed 
at 1/-' A in the start of the experiment, during calibration of 
the thermometer as the temperature reduced and the thermometer 
resistance increased a corresponding decrease in the external 
circuit resistance y&s made to keep the measuring current cons- 
tant. By keeping the measuring current constant at 1/^ A, the 
potential across the thermometer in Y could be directly con- 
verted into its resistance value. In order to get a good cali- 
bration curve about 8 to 10 readings above the X transition 
temperature and 4 to 5 readings below^ it wrers taken. 
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3.2.4 Recording : 

After completing the thermometer calibration, the valves 
'^■ 7,9 (Rigure 2) in the pimping line v/ere opened and the 

He hath was allowed to come down to the lowest possible tempera- 
ture. Vvlien the He bath pressure attained a steady state, as 
indicated by the thermometer .resistance value, the calorimeter 
was evacuated to remove the exchange gas and bring about the 
thermal isolation of the specimen. Diffusion pump was started 
after running the mechanical pump for a fev/ minutes and the 
cold trap over the diffusion pump was filled with liquid nitro- 
gen. In about 40-45 minutes a vacuum of the order of 4 x 10“ 
torr. could be obtained in the vacuum line joining the cold trap 
and the calorimeter. However, since the calorimeter can remained 
dipped in. the liquid He bath, actual vacuum inside it is expected 
to bo of higher order than measured outside at room temperature 
making the system essentially adiabatic. 

Before starting the heating cycle of the specimen, the 
potentiometer was standardised and the thermometer current was 
reset at L. The recording sequence of the heating curve 

was the following: 

( i) The timer was reset and the heater circuit resistance 
was adjusted to get bhe appropriate heater current. 

(ii) The chart motor of the recorder tvas started and the 
thermal drift was traced for about 1 to 2 minutes, 

(iii) Heating current and also the heating steps (set 
approximately at 0.1*^k apart at temperatures higher 
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■ than 2°k) were selected properly depending upon 
the specimen temperature, 

(iv) The heater ms energised till the thermometer 
resistance changed approximately hy the amount 
desired and the thermometer circuit resistance 

v/as adjusted to keep the measuring current constant, 

(v) The heater current was'put off, 

(vi) The timer vra,s reset after noting the heating time, 

(vii) The thermal drift was traced for about 1 to 2 minutes. 

Same procedure ms repeated for subsequent recordings. About 
30 to 40 readings Vi^re taken in the temperature range of 1.4°K 
to 4.2°K. A t 3 rpical heating curve is shown in Figure 6. 

In the exchange gas calorimeter the adsorbed gas from 
the specimen (and possibly from the calorimeter) released during 
the heating periods sometimes introduced some thermal drift. 

Y/hen the drift became appreciable, as indicated by the preheat- 
ing recorder trace, the specimen vra,s 'baked’ by closing all the 
valves in the pumping line, so that the bath w'armed up a little ^ 
thereby helping evolution of the adsorbed gas. Baking ms 
continued till the thermal drift became very small. Several such 
bakings during the entire period gave satisfactory heating curves 
without any appreciable theinal drift. 

The trace of the heating curve, the S.-5 potentiometer 
readings, the heater and the thermometer current values, the 
heater re si stance , the heating period as registered in the timer . 
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together v/ith the thermoraeter calihration data provided all the 
necessary informations for calculating the specific heat values. 
The actual method of calculating the specific heat C from these 
data is given in the Appendix C. 



CHIP TER IT 


RESULTS 

4. 1 Experimental Errors : 

Tbe thermometer calibration is an important part of the 

experimental work, and the accuracy of the final result depend 

on the accuracy of its calibration. The resistance temperature 

relationship of the carbon resistor theimometers used could be 

satisfactorily represented at the liq[uid He temperatures by the 
. 44 

expression 

(LogR/T)^/2 = A + B log R (4.1) 

where A and B are constants. The constants A and B for the thernio- 
meters were determined by the method of least squares, using the 
calibration data. The- accuracy of --ho co,lil:'ro.tini of the thermc-- 
meter was eDtir'ntel to be bettor than + O.OOl'^k. .. 

Generally, the experimental errors may be classified 

into: 

(a) Random errors v/hich include the personal errors, and 

(b) the instrumental errors and the systematic errors. 

The random errors can be minimised by the least squares techni- 
que for a large number of observations, but tne systematic 
errors are difficult to evaluate. 

The instrumental errors are listed in Table 4, together 
with the critical measured quantities and the estimated percentage 
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errors of the cL-uartities i ,Rjt ,3a„ . and where i and E. are 

the heating current and the heater resistance respectively, t 
the duration of a heat pulse, n^ the numher of moles of the 
specimen and & T the temperature increment due to a heat pulse . 
The total instrumental error introduced in C/T was estimated 
to be within + 1% of which more than 90% was caused by the 
error in measuring the temperature rise during a heat pulse. 

The major part of the ^stematic error originated from 
the estimation of the heater resistance Rjj. The change in 
from 1.4 to 4.2°k was only 0.2-^^ or 0.07%. However, about 
3/4" long pieces of M,anganin wire were used to connect the 
heater coil to the junction points of the current and potential 
lead ?/ires located at the Kovar plug in the calorimeter. An 
estimation of the amount of heat dissipated in these two sections 
when heating current passed through these sections was difficult. 
It was assumed that one half of the heat went to the specimen, 
while the other half v/ent to the calorimeter. Accordingly, the 
following expression, as suggested by Cheng , was used for all 
calculations; 

= f (P-4.2 ^h. 4 ) - 

Here R^ is the 'effective resistance' of the heater, coil, 

R_^ 2 3 .nd R^ ^ are the measured resistance values at 4.2°k and 
1.4°1C of the heater coil including both the connecting wires, 

2 -A. is the resistance of one of the connecting wires. 



Talble 4i List of instrumental errors entering into the final results 
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4.2 Specific Heat Data : 

ibe low -temperat-ure specific beat of metals ami alloys 
can be expressed- by tbe t?ro parameter eq.uation C = Y T + pT 
(epilation 1.1), Y is the intercept and p tbe slope of the 
straight line obtained by plotting C/T as a function of lo 
minimise the random errors, P were calculated in the 

present vvork by tbe least squares method. 

(a) C opper : 

The specific heat data of copper are listed in Table 5 

n 

and plotted as C/T -vs. T in Figure 8. low temperature specific 

heat of Cu has been studied by several workers. Tbe results 

—4 —1 

obtained from the present work are: y = 1.667 x 10 cal. mol 

deg."^, p = 0.1172 cal.mol."*' deg."'^ and 9^ - 341°k. The 

agreement between the present work and the previous re suit s'^^ 
is quite satisfactors!’. 

(b) Gr-oo Si-: 

The specific heat data for the binary Sr^y Si^ alloy is 

given in Table 6 and plotted in C/T vs. T in Figure 9* The 

specific heat data of this binary alloy has a normal straight 

line behaviour as in anti-ferroma.gnetic Cr. However, they 

calculated from tbe data has a larger value than that of pure 

20 

anti-ferromagnetic Cr. ^ ^ ^ ^ ^ ■ 
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(c) Ternary Gr-Pe-Si Alloys: 


Nine ternary alloys of (Cr^ ^'®1-x^97 ^^5 were investigated. 


The specific heat data for these alloys are given in Tables 7 to 


15, and C/T vs. T plots are shown in T’igures 9 to 13. The C/T 


vs. T plot for tne alloys Cr^ 2,-|5 ^®4.85 ^^3.00’ ^^82.45 14. 55 


5 Orrvrt Te^(~, ,1^ oirj r>r%j Grrm m- T'S/i/t ocr Sir 


■ 3 . 00’ '"^77.60 -"^'19.40 *^^ 3 . 00 ’ ^^12.15 24.25 ^ 3 . 00 ' 


^^ 67.90 ^®29.10 ^^3 00 up..turn effect. Such up -turn effect 

AP' 

has been reported'^ ^ in alloys with critical compositions for non 


ferromagnetic to ferromagnetic transitions, and is attributed 


to contributions to specific heat from, super paramagnetic 


clusters formed in such alloys. The specific heat data for these 


alloys showing anomolous behaviour are represented by the three 


parameter equation. 


C = A + Y T + pT- 


(4.5) 


where A is a temperature independent contribution from the 


super paramagnetic clusters. According to this equation the 


(C-A)/T plot as a function of T‘" is expected to be a straight 


line. The (C-A)/T" vs. T^ plots for the alloys Gr^g 85^^3 OC 


^^82.45 ^®14.55 ’^'^3.00’ ^^77.60 19. 40 ^^3.00’ ^^72.75 ^^24.25 ^^3 


"^67. ®^3 00 shov/n in figures 14 and 15. The. data 


points fall reasonably well on straight lines. All the curves 


except that of Gr^g 35 Si^ qq have positive slope, for 

this alloy with negative p value , i bas been estimated hy 


extrapolation of high temperature data in C/T vs. T'^ plot. 
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The alloy Crg^ Fe^ Si^ qq has a C/T vs.T^ plot, 
as showi in Figure 10, which droops down wards at lower tempe- 
ratures. To check if this is due to some spurious effects the i 

experiment was repeated. The data points of two separate 
experiments, shown hj’’ filled and open circles in the Figure 10, 
fall on the same cux've , thus indicating that the anomaly is 

p 

truly due to material properties. Such anomaly in C/T vs. T 
plot has been earlier reported-^ in Fe^^Al^^ alloy and was 
thought to he due to its complex magnetic structure. 

For the rest of the alloys, Cr^g ^ -®48 5 ^^5 00’ 

^^24.25 ^®72.75 ^^3.00’ ^^4.85 ^®92,15 ^^3.00 vs. T 

plots, shown in Figures 12 and 13? are well behaved straight 

. 

lines, from which values of V and p could he easily derived hy 
the least squares fit. 

The specific heat data including the values of A, ^ , p, 
Dehye temperature Gjj together with the root mean square deviation 
of C for all the silloys are listed in Table 16. For the alloy | 

■Ji 

2 

Cr82 55 ^^3 00 show/s a droop in the C/T vs. T 

plot the root mean square deviation has been calculated conside- 
ring only those data points v/hich fall on the straight line 
part of the curve. 

I 

KAKFUR i i 

g.N_IR AL LIB RARY | 

Acc. No. .4-1880', I 
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Table 5^ Specific Heat Data Dor Pure Copper 


T 

( 

C 

fill 10~‘'’'cal.niol.“^deg.“"*) 

C/T 

(In I0~‘^cal.mol. " 

ij \2 

^deg.“^) 

1.7136 

3.4980 

2.0413 

2.9364 

1.9195 

3.8783 

2.0204 

3.6845 

1.9794 

4. 3069 

2.1758 

3.9180 

2. 1160 

4.6745 

2.2091 

4.4774 

2.1967 

4. 9418 

2.2496 

4.8255 

2.2568 

5.1193 

2.2683 

5.0931 

2.5702 

5.4544 

2.3012 

5.6178 

2.4922 

5.8664 

2.3539 

6.2111 

2.5764 

6.3122 

2.4500 

6.6378 

2.6529 

6.7263 

2.5354 

7.0379 

2.7285 

7.0837 

2.5963 

7.4436 

2.8102 

7.2771 

2.5895 

7.8467 

2.8165 

7.4458 

2.6436 

7.9327 

2.8825 

7.4660 

2.5901 

8. 3088 

2.8989 

7.8609 

2.7116 

8.4036 

2.9089 

7.5811 

2.6061 

8.4617 

2.9635 

7.7924 

2.6294 

8.7823 

3.0167 

8.4040 

2.7858 

9.1005 

3.0362 

8.3903 

2.7634 

9.2185 

3.1560 

8.8642 

2.7998 

10.0235 

3.1720 

6.6343 

2.7220 

10.0616 

3.3201 

9. 9416 

2.9943 

11.0231 

3.4326 

10.4441 

3.0426 

12.1375 

3.6283 

11.9015 

3.2801 

13.1646 

3.7469 

12.7238 

3.3958 

14.0393 
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Table 6: 

Specific Heat 

Data for 

Crg.^Si3 


T 

C 


C/T 

. ^ t2 

( °k:) ( In 

10"" cal.mol."’ ' deg."" ') 

(in 10““^ cal. mol," 


1.349 

8.66 


6.42 

1.822 

1..357 

8. 68 


6.40 

1 .842 

1.428 

9.00 


6.30 

2.039 

1.507 

9.74 


6.46 

2.272 

1.515 

9.46 


6.24 

2 . 296 

1.572 

9.81 


6.24 

2.471 

1.57? 

10.16 


6.44 

2.494 

1.637 

10. 17 


6.22 

2.679 

1 . 640 

10.37 


6.32 

2 . 689 

1.719 

10.74 


6.25 

2.955 

1.724 

11.06 


6.41 

2.973 

1.831 

11.57 


6.32 

3.352 

1.832 

11.77 


6.42 

3.355 

1.909 

12.00 


6.29 

3 . 644 

1.980 

12.60 


6 . 36 

3.920 

2.057 

13.18 


6.41 

4.231 

2.140 

13-59 


6.35 

4.579 

2.228 

14.26 


6.40 

4.962 

2.363 

15.16 


6.42 

5.584 

2.397 

15.23 


6.40 

5.659 

2.470 

15.92 


6.45 

6.100 

2.499 

16.12 


6.45 

6.245 

2.593 

16.81 


6.48 

6.722 

2.614 

16.78 


6.42 

6.832 

2.737 

17.84 


6.52 

7.492 

2.741 

17.71 


6.46 

7.514 

2.923 

18.08 


6.53 

8.542 

3.176 

21. 18 


6.67 

10.009 

3.391 ^ 

22.64 


6 . 68 

11.496 

3.611 

24.67 


6.83 

13.038 

3.818- 

25.26 


6.88 

14.574 

3.985 

27.70 


6.95 

15.883 

4. 167 

29 . 29 


7.03 

17.363 

4.372 

31.70 


7.25 

19.111 
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Table 7” Specific Heat Data for C!rg2 85^'^3 00 


T 

(°k) 

C 

(In 10“%al. 
mol.” deg. ) 

( In 

mol. 

C/T 

10“^ Cal. 
“^deg.”^) 

(In 

mol 

(c-a)/t 

10“'^ Cal. 
."”'deg.”^) 

^2 

(°K^) 

1e259 

33.22 


26.38 


19.38 

1.586 

1.302 

33.94 


26.06 


19.29 

1.696 

1.352 

35.25 


26.07 


19.55 

1.828 

1 . 393 

36.11 


25.84 


19.52 

1.953 

1 . 404 

36. 11 


25.72 


19.44 

1 . 970 

1.435 

37.04 


25.82 


19.67 

2.058 

1.484 

37.55 


25.30 


19.35 

2.203 

1.514 

37.88 


25.02 


19.19 

2.293 

1.555 

39.13 


25.17 


19.49 

2.417 

1.622 

40.78 


25.13 ■ 


19.70 

2.633 

1.688 

41 .65 


24.67 


19.44 

2.850 

1.767 

43.68 


24.12 


19.72 

3. 122 

1.910 

46.15 


24. 16 


19.54 

3.649 

1.970 

47.51 , 


24.03 


19.56 

3.911 

2.069 

49.77 


24.06 


19.79 

4.280 

2.194 

52.08 


23.73 


19.71 

4. 816 

2.297 

■ 53.89 


23.45 


19.62 

5.278 

2.342 

55.16 


23.55 


19.78 

5.486 

2.397 

55.97 


23.35 


19.67 

5.744 

2.469 

57.52 


23.30 


19.72 

6.069 

2,472 

56.81 


22.98 


19.42 

6. 112 

2.580 

58.90 


22.83 


19.42 

6.657 

2.585 

59. 3' 8 


22.97 


19.55 

6.681 

2.721 

61.46 


22.58 


19.35 

7.406 

2.726 

62.43 


22.90 


19.66 

7.431 

2.758 

62,68 


22.72 


19.52 

7.609 

2 . 907 

64.90 


22.33 


19.29 

8.450 

3. 168 

69 . 


21,97 


19.18 

10.036 

3.421 

73.85 


21.59 


19.45 

11.703 

3.699 

76.55 


21.21 


18.83 

13.022- 

3.841 

82.32 


21.43 


19.13 

14.756 

4.191 

89.47 


21.35 


19.24 

17.563 

4. 367 

93.13 


21.34 


19.30 

19.068 
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'I'abl'j >‘U: Heat Bata for Cror, Ee^ Si, 

C) f # y*(0 



0 

C/'I 


'p 

(hi 1 ()'■'■'■ Oul. 

(In 10“^ Oal. 

j2 

(‘^k) 

i i 

nul."* doth”" ) 

i 9 

(V) 

1.710 

49 . 0!i 

42,60 

1.371 

1. 101 

50 . 88 

42.72 

1.419 

1.215 

y. * c. 1 

43.02 

1.472 

1 .2:5H 

53.02 

42.83 

1.532 

1 « 

60.25 

43.40 

1.927 

1 . 4m-5 

6 2.ft7 

43.44 

2.082 

l.-'IVY 

6.1,12 

43*41 

2.182 

1.627 

71.94 

44.30 

2.637 

1.710 

75.32 

44.05 

2.924 

1 .82H 

80.92 

44.25 

3.343 

1.910 

85. 14 

44.36 

3.684 

2.001 

92.63 

44.30 

4.372 

?.,205 

9'/ . 2 4' 

44.09 

4.863 

2.35'1 

104.50 

44.30 

5.564 

2. 471 

109.29 

44.25 

6. 106 

2. 60 '5 

1 15.21 

44.26 

6.774 

2. 921; 

129.29 

44.16 

8.572 

3.200 

14 2. 54 

44.55 

10.238 

3.22:f 

142.32 

44.17 

10.381 

3.40‘; 

149.66 

43.97 

11.584 

3.609 

161. 13 

44.55 

13.023 

3 . 1 '06 

l70.iiB 

44.69 

14.484 

or-z 
j • „ JJ 

4 . . 1 1 

175. ,'9 

1 82 , 25 

44 • 4 f 

44.29 

15.627 

16,933 

4.316 

■|9 1.81 

44 .44 

18.626 
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Tablo 8'b: Specific Heat Ifeta for Crg^ ^^3,00 


I 

(°k) 

G 

(In 10“'^' Gal. 

— . i 1 ' 

mol. deg. ) 

G/I 

(In 10”^ Cal. 

i P 

mol.“ deg." ) 

(°k5 

1 . 234 

53» 12 

43.05 

1.522 

1.264 

54.16 

42.85 

1.5S7 

6 

tn 

♦ 

— 

56.14 

43.06 

1.699 

1 . 354 

58. 18 

42.96 

1.835 

1 . 337 

59.96 

43.22 

1.928 

1.465 

64.04 

43.71 

2.147 

1 . 545 

67.50 

43.69 

2.387 

1.736 

76.09 

43.83 

3.014 

1.852 

81. G1 

44.06 

3.431 

1 . 986 

87.83 

44.23 

3.943 

2.177 

97.11 

44.60 

4.740 

2 . 363 

104. 88 

44.39 

5.583 

2.493 

110.90 

44 * 48 

6.215 

2.667 

1 1 9 . 665 

44.87 

7.115 

2.B41 

126.25 

44 . 43 

8.073 

3.011 

134.23 

44.58 

9.067 

3»143 

138.02 

43.91 

9 . 878 

3.272 

146.43 

44.75 

10. 708 

3.453 

1 55 . 64- 

45.07 

11.923 

3.648 

162.47 

44.54 

13.307 

3.984 

177.36 

44.51 

15.875 
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Tablfe 9 ' Specific Heat 

Data for 

^^82.45 ^®14.55 

^^3.00 


0 

c7t 

"•-~Tc-a}7T~ 


(f 

(In 10“^ Cal. (In 

10*"^Cal. 

(In 10"^ Cal. 

t2 


lA A 

iDol." deg."') mol. 

*deg."^) 

i P 

mol. deg.“ ) 

(°k2) 

1.289 

69.91 

54.21 

42.90 

1» 663 

1 . 327 

70.21 

52.89 

41.90 

1.762 

1 . 357 

7 1 . 83 

52.96 

42.20 

1.842 

1.423 

73.22 

51.46 

41.19 

2.024 

1 . 462 

76.59 

52.39 

42.39 

2.137 

1.565 

6*;. 04 

51.77 

42.45 

2.450 

1.693 

85. 17 

50.30 

41.68 

2.867 

1.842 

9 4 09 

50.53 

42.61 

3.394 

1 .988 

9!-.. 78 

49.69 

42.34 

5.952 

2 . 1 69 

105.09 

48.8^ 

42.08 

4.707 

2.. 140 

irj.0;i 

48. 78 

42.80 

5.955 

2.681 

129.78 

48. 35 

42.91 

7.203 

2.763 

134.13 

48. 19 

42.95 

7.743 

2.890 

139.73 

48.34 

43.29 

8.354 

2.997 

144.34 

48. 16 

43.29 

8.982 

3.057 

146. 13 

47. 80 

43.02 

9.345 

3.246 

154.57 

47.62 

43.12 

10.535 

3.411 

162.61 

47.67 

43.39 

1 1 . 636 

3.511 

16B. 1 1 

47 . 88 

43.72 

12.325 

3.572 

169. 34 

47.41 

43.32 

12.759 

3.692 

173.56 

47.01 

43.05 

13.629 

3.798 

1 B 0.96 

47.64 

43.80 

14.422 

3.920 

ir-;?. K) 

47.73 

44 . 00 

15.365 

4.050 

195.07 

48.16 

-: 4 o 6 

16. 405 

5.261 

203 . 1 2 

47.67 

44.24 

18.158 

4- . 4 1 

;: 10.80 

47.74 

44*43 

19.501 

4.596 

219.85 

47 . 84 

44.66 

21.122 

4.760 

228.72 

48.04 

. 44.98 

22.663 
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'Cava.o 10: Specific Heat lata for gQ Si^^QQ 


C C/T (C-A)/! 

(In 10“^' Oal. (In lO""^ Cal. (in 10"^'Cal. 

^ raol.“^ deg."”*) mol.“^ deg.“^) deg.“^) (°1C^) 


1.352 

59.95 

44.35 

38.89 

1.827 

1.469 

64.83 

44. 14 

39.11 

2.157 

1.62,8 

70.90 

43.56 

39.02 

2.650 

1 . 694 

74.07 

43.72 

39.36 

2.871 

1.764 

77.03 

43.67 

39.48 

3.111 

1.852 

81.27 

43.87 

39.88 

3,432 

1.935 

85^11 

43.99 

40.17 

3-743 

2.004 

86 *93 

43-38 

39.69 

4.015 

2.177 

92.50 

42.49 

59.30 

4,739 

2.303 

98.69 

42.85 

39.64 

5.304. 

2.455 

104.76 

42.67 

39 . 66 

6.028 

2.594 

111. 48 

42.97 

40.12 

6.729 

2.718 

117.03 

43.35 

40.63 

7.389 

2,843 

122.76 

43. 18 

40.58 

8.084 

2.965 

127. 18 

42,90 

40.41 

8.789 

3.089 

135.07 

43.73 

41.34 

9.541 

3.212 

13B. 28 

43.05 

40.75 

10.319 

3. 367 

146.02 

43.37 

41.18 

11.338 

3.509 

154.05 

44.13 

42.02 

12.312 

3.602 

158.92 

44.12 

42.07 

12.974 

3.627 

159.24 

43.89 

41.87 

13. 159 

3.878 

171.74 

44 . 28 

42 . 38 

15.041 

4" ♦ 0 '^9 

180,90 

/i4. 81 

42.98 

16 .313 

4'. 235 

190.99 ■ 

199.61 

45.01 

44.82 

43.27 

43.16 

17.933 

19.831 

I ♦ * r ✓ ✓ 

4* 6B? 

211. 96 

45.27 

43.69 

21.917 

* ('*# ^ ft r. 

4.94,4 

221,11 

46.07 

44.58 

24.441 
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specific Heat teta for 
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Table 

1.?: OpQQifiQ 

Heat Data for Gr 

67.90 ^®29. 10 

3.00 

T 

G 

(In 10“"^" Cal. 

C/T 

(In 10”"^ Cal. 

(C-I)/T 
(In 10“^- Cal. 

^2 

(°1C) 

mol.'"' d 0 g.“') mol.-' deg."^) 

mol." deg."" ) 

(V) 

1 . 348 

35.35 

26.22 

16 . 9l 

1.915 

1.447 

37.07 

25.62 

16.95 

2.094 

1.502 

38.07 

25.34 

16.98 

2.256 

1.663 

47.. 70 

25.68 

18.13 

2.766 

1.762 

/r 2 . B4 

24.32 

17.19 

3.104 

2.015 

48. 10 

23.91 

17.68 

4. 060 

2.232 

5 2 .31 

23.43 

17.81 

4.982 

2.444 

55.49 

22.71 

17.57 

5.973 

2.620 

61.55 

23.49 

18.70 

6.864 

2.804 

67.55 

24.09 

19.61 

7.862 

2.999 

72.24 

24.09 

20.07 

8.994 

3.314 

80.6 2 

24.33 

20.54 

10.982 

3.707 

90.20 

24.33 

20.95 

13.742 

4.017 

101.30 

25.22 

22.09 

16.136 

4.278 

112.09 

26.20 

23.27 

18.301 

4.537 

120 . 4 5 

26.55 

23.78 

20.584 



Tabic 

1 3 : Specific Heat . Data ' 

for Or . _ _ ■p'p _ . .di 




4«.5 

“48.5 -"3.00 


c 


C/T, , 


T 

(^n 10“'^' Cal. . 

(lia 

Cal. 

^2 

(°K) 


mol 

deg."^) 

(°kO 

1.202 

17.12 


14.25 

1.444 

1.220 

r^31 


14. 18 

1 .489 

1.241 

1 7 . 68 


14.24 

1 . 540 

1.238 

17.90 


14.23 

1.582 

1 . 282 

10.18 


14.18 

1.644 

1 . 290 

18. 24 


14.05 

1.684 

1.322 

18.93 


14.32 

1.747 

1.331 

19.48 


14.42 

1.826 

1.411 

20. 19 


14.31 

1.991 

1.424 

20.17 


14. 16 

2.029 

1 . 486 

20 . 9'^' 


14.11 

2.209 

1.502 

21. 30 


14.23 

2.255 

1.534 

21. 53 


14.04 

2. 354 

1.341 

21.81 


14.15 

2.374 

1 . 376 

22.12 


14.04 

2.484 

1.629 

22.93 


14.07 

2.654 

1 . 687 

23. 'ri 


14.09 

2.848 

1.742 

24.21 


13.89 

3.034 

1.827 

26.09 


14.28 

3.337 

1.871 

26.79 


14.31 

3.501 

1.950 

27.68 


14.19 

3.802 

1.996 

28.30 


14.28 

3.984 

2.119 

30.23 


14.27 

4.492 

2 .1C2 

30 . 30 


14.11 

4.673 

2.227 

31.34 


14.07 

4.958 

2.274 

32 , 1 6 


14. 15 

5.169 

2.411 

34 . 66 


14.37 

5.813 

2.450 

33.35 


14.43 

6.003 

2.601 



14.53 

6.766 

2.681 

3H.7 • 


14.44 

7.190 

2.701 

2.B55 

39.1 . 

41.4- 


14.51 

14.52 

7.296 

8.150 

2. Er/3 
3.033 
3.049 
3.2/Ui 
3.252* 

3. 

3*461 

3*464 

3.640 

3. a) 9 
3*933 
4*023 
4.257 
4*291 
4.549 
4.707 

4 2.09 
'( 1 » 4 0 

'I 'i . 

48.04 

47.02 

48.51 

31.72 

32.08 

53.40 

58. 03 

60.97 

62.08 

66 ,34 

60.36 

73.93 

70*75 


14.63 

14.66 

14.60 

14.79 

14.70 

14.76 

14.95 

15.04 

15.24 

15.45 

15*41 

15*63 

15.58 

15.93 

16.25 

16. 45 

8.253 

9.200 

9.294 

10.548 

10.576 

10.807 

11.976 

11.998 

13.252 
14.505 
15.645 
16. 181 
18.123 
18.412 
20.699 
22.913 



62 


Table 14: Specific Heat lata for Cro/ oc ^,1- Si, 

^ ( c.% j5 • UU 




C 

C/T 


q:' 

(In 

10““’' Cal. 

0 

1 

0 

• 


(^'k) 

rno 1 . 

deg.“^) 

mol.”’”’ deg."”'^) 

(V) 

1 . 266 


13.54 

10.70 

1.603 

1.342 


14. 26 ■ . 

10.63 

1.801 

1 . 397 


14.76 

10.56 . 

1.952 , 

1 . 448 


15.26 

10.53 

2.098 

1.457 


1 5.46 

10.61 

2. 124 

1.519 


16.03 

10.55 

2.308 

1 . 569 


16.13 

10.28 

2.462 

1 . 579 


16.81 

10.65 

2.493 

1.640 


16.94 

10.33 

2.690 

1.729 


10.07 

10.45 

2.889 

1.736 


18.00 

10.37 

3.015 

1 . 800 


18.63 

10.35 

3.241 

1 . 839 


19.69 

10.71 

3.382 

1 » c]66 


19.28 

10.33 

3.483 

1.938 


20,17 

10.41 

3.758 

2.014 


21.19 

10.52 

4.058 

2.091 


21.91 

10.48 

4.372 

2.197 


23.13 

10.53 

4.826 

2,331 


2 'I-. 85 

10.66 

5.436 : 

2.432 


24.63 

10.52 

5 * 484 

2.473 


26 . 36 

10.66 

6.114 

2.476 


26.33 

10.64 

6.129 

2.619 

2.634 


27.16 

23.09 

10.48 

10.66 

6.862 

6.941 

p- scy) 


29.92 

10.68 

7 . 84 1 

2.995 

3.203 

3.239 

3.458 

3.647 

3.072 

4.070 

4.289 

4.191 

4.722 


32.34 

34 . 04 

25 * 3 "' 

37 . 9 '' 

40.2; 

13.92 

47.03 

5 ' 0.20 

52.31 

55.85 

10.78 

10.88 

10.90 

10.96 

11.04 

11.34 

11.54 

11.70 

11.65 

11.83 

8.968 

10.263 

10.493 

1 1.960 

13.302 

14.995 

16.613 

18.395 

20. 168 

22.293 
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Talsle 15: 

Speicific 

Heat ]^ta-for Or, 

4*o5 

^®92.15 ®^3. 


0 

c/l 


T ( In 

lO""-'- Gal. 

(In 10~^ Gal. 


( mol 

deg.~^) 

mol." ’ deg."^) 

(V) 

1.307 

14.20 

10.86 

1.708 

1 . 385 

15.06 

10.87 

1.919 

1 • 439 

15.44 

10.73 

2.070 

1.461 

15.98 

10.94 

2.134 

1.515 

16.09 

10.62 

2.295 

1 . 6:^9 

17.36 

10.66 

2.652 
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CHAPTER V 


DISCUSSION 

The specific heat data of the series of alloys (Cr Pe. 
investigated are sdovn in Pigiires 9-15 and listed in Tables 6-16. 
Prom the data it is clear that the specific heat data for the 
entire range of the binary Cr^^Si^ and the ternary (Cr^Pe^_^)gySi^ 
alloys investigated may be divided into three groups characterised 
by their response to the two term specific heat relation 
C = Y' T + pT^ (equation 1.1). These are, 

(i) the alloys shovang straightline relationship in 
their C/T vs. T^ plots, 

(ii) the alloys showing 'upturn’ effect when C/T is 

2 

plotted as a function of T , 

(iii) the third group consisting of a solitary example, 

(Crnr'P9^n)or7Si,, in ?/hich the C/T vs. T^ is a 

yu iU y / j 

straight line down to about l,5°i<^? and belov/ 
which the curve droops downwards. 

The binary Or^r^ Si ^ and the ternary (Cr^Qpe^Q)g,^Si^, 
(Cr 2 ^Pe^^)^^Si^ and (Gr^Peg^)Q^Si^ alloys constitute the first 
group. Prom the C/T vs. T^ plots of these alloys shown in 
Piguires 9,12 and 13, it is clear that they gj.ve well defined 
straight lines, from which Y and p values could be obtained 
directly by the least squares method. Prom uhe ma,gnetic data 
of (Cr.Pe. ) alloys^® and in view of the limited dilution 

X j"— 'X 
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"by Si iij is ©xpsoied ihat; "bti© "tsima^^y alloys beloiiging ijo "bbis 
group should be ferromagnetic. A simple test involving attraction 
of the specimens by a small permanent magnet confiimied that these 
ternary alloys are distinctly ferromagnetic with their Curie 
temperatures above the ambient temperature, 25°C. The distinctly 
ferromagnetic alloys in the ternary systems (Cr^Fe^ 
and ( 6 !r^fe^__^)QQAl 2 Q^'^ and in the binary system (Gr^I'e^_^)^^ show 
similar normal straight line C/l vs. plots. Or metal is 
antiferromagnetic below 310°]<, but there is no published data on the 
magnetic structure of Gr-Si alloys. However, the binary alloys 
of Cr with the several transition metals show^^’^^ that the 
anti ferromagnetism is retained (though the spin density wave 

vector changes) upto a considerable concentration of the transl- 

- 38 

tioni metal solute. Similarly, published data on Cr-Al alloys 

show that upto about 30 at^Al the alloys are antiferromagnetic. 
Thus, even in the absence of actual data on Gr-Si alloys it is 
reasonable to assimie that the CrgySi^ binary alloy is antiferromag- 
netic. The specific heat data for the Gr^ySi^ alloy (figure 9) 
like the antiferromagnetic Cr-Al alloy s^^ show a normal straight 
line behaviour in the C/T vs. T^ plot. Thus the behaviour of the 
Cr^-Si^ and the ferromagnetic Cr-I’e-Si alloys are in accordance 
with the observations^^ that metals and alloys in their normal 
non- super conducting states and with simple spin structure generally 
show straight line relationship in C/T vs. T^ plot. 
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The Debye temperature 9^^ for the antiferromagretic pure 

Or reported in the literature varies over a rather wide range 

from 400^fe to 650°lC. No clear picture is available, for such 

wide Variation in the experimental value of 0j^. This has often 

on 

been attributed‘" to the presence of small amounts of .other 
elements present in solid solutions, or in a yet unknown vray 


on the state of the sample in terms of internal strains, dis- 
location density and such other effects. However, 9 -q ^ 600°ic 

20 

seems to be the reasonable value for Or . The 9^) value calculated 

for the present Crg^^Si^ alloy .is 445°1<, indicating that a small 

amount of Si dissolved in Or is apparently increasing the p value 

and therefore, the lattice contribution to the total specific 

heat. This effect of an alloying element on the Debye temperature 

was also observed in Gr-Al alloy ^stem"^^ in which a decrease of 

9j) to about 440°k: was achieved by about 23 at% Al. This together 

54 57 

with the 0JJ values of high De alloys in the Cr-Fe-Al systems * 
indicate that Si affects the lattice contribution to specific heat 


more than Al» The Gj-j values of the alloys (Cr^j^e^Q)^Y^i^ and 


{ 0 T 2 ^¥erj^)^rjSl^, and 397°lC, respectively are 

those of the binary alloys of (Gn^ system^"* 


comparable to 
but the 0JJ 


value of 348°k for the (Cr^^e^^)gr^Si^ alloy is much smaller than 
that of the closely analogous binary alloy (CrgDeg^) for which 
it is 475% ^’^. It is difficult at this stage to resolve such 


large difference of 9^ values between these two closely analogous 
alloys where the third alloying element content is rather small. 
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The second group of alloys are those with GrrFe ratio 
greater than 50:50. These alloys are, (0r^^T’e^)gr^Si^5 
(Org^I'e^j^)gr^li.^ 5 (CrgQPe 2 Q)gp^Si^, (Gr,^^l'e 2 ^)g^Si^ and 
( Crr^QH'e^Q)g^Si 2 , .The C/T vs. .T^ plots for these alloys show 
'upturn' anomaly. Similar anomaly has been observed in 
several binary (Cr^l'e^_^) , ternary ( Cr^Ee ) 5^41 and 

^^^xi^®1-x^80'^^20^'^ alloys. The upturn anomaly in alloys which 
have no hyperfine interactions and are not superconducting is 

generally attributed to either of the two reasons: (i) many-body 

. 47 55—56 

effects " 5 and (ii) super paramagnetic cluster effects . 

The many body effects responsible for the enhancement of low 

temperature specific heat in the alloys close to the critical | 

composition for ferromagnetism is concerned with the interaction 

between the spin density fluctuations (paramagnons) and the d 

electrons of the alloys of the transition metals. In this approach 

the specific heat is enhanced by a factor, 

A(T) Si (I/Tj^ In (T/T^) (5.1) 

where T^ = Tj,(l-i) , with Tp the degeneracy temperature and 
i = IN (Ep) involving the effective interaction energy between 
the d- electrons in the alloys of the transition metals and the 
paramagnons, and the single particle density of states at the 
Eermi level. 

It has however been shown^^ that the form A( T ) ^ ( T/T g) ^ In ( T/ 
of the anomaly may only be applicable at exceedingly low temperature 


rn 
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iho (C-A)/r vs. 1“=^ plots for the present alloys are shovm 
in ri/.>;tLros 14 and 15. Reasonably good fit of the data with a 
straight line could he obtained, as is evident from the standard 
deviations (Table 16), when the cluster specific heat was consi- 
dered. The specific heat data for the analogous alloys in the 
system (Or2j.T'e^__^)gQill^Q^‘^ could be analysed in terms of the three 
parameter equation 0=1+ Yl' + However, for the system 

(Cr^^Pe ^_^^) qqA 12 q Srinivaean et al.^"^ found it neces^ry to use the 
complete Einstein function in place of the constant A in the threp 
parameter equation (4«5)* Therefore, it may be concluded that the 
super paramagnetic particle model appears to explain reasonably 
well the low temperature anomaly in the specific heat data of the 
Cr-Pe-Si alloys. 

The upturn effect of Cr-Pe-Si alloys upto 29*1 at%Pe alloy 

(Or: Pe = 70:30), except for the 9.70 at%Pe alloy (ar:Pe = 90:10) 

34 37 

is similar in nature as that, observed in Or-Fe-Al alloys;^ 
throughout the whole range of composition upturn effect is 
observed till the material became distinctly ferromagnetic. This 
is contrary to that observed^"* for the binary Cr-Pe alloys in' which 
upturn effect was observed for very low Pe containing alloys and 
then only for the alloy for which the maximum Y value was obtained. 
The Cr-Pe-Al alloys showed that the maximum upturn, as indicated 
by the value of A, determined by the unrestricted solution of the 
specific heat equations, was at higher Pe; Or ratio as the A1 
content was increased. The Gr— Pe— Si alloys also show that the 
addition of Si produces the largest upturn in the same composition 
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region as that of the ^ alloys, namely at 
( Cr 0 jj!E'e ^ f^)gr,i3ij 5 and not at the Cr:I’e ratio of 93-5 as in the 
binary Cr~Fe alloys. Since the upturn effect is due to the 
enhancement of the specific heat C by the term A lAhich is 
related to the number of clusters per mole (equation 5 » 5 )s the 
shift of the maximum upturn to higher Fe:Cr ratio with the 
addition of Si and A1 TOuld indicate that the value of N is 
dependent on the nature and the amount of the third element 
in the Or-Fe-X alloys, where X is a non-transition element, A1 
or Si. 

In an attempt to correlate the magnetic state and the- 
presence of upturn anomaly in the present alloys, a simple : 

test involving attraction of the specimen, cooled down to liquif | 

' \ 

Ig temperature, by a small permanent magnet was performed. The | 

test indicated that the alloys upto 14.55 at%Fe are not attract ea I 

by the magnet even at and hence can be said to be non magnetic- 

The 19.40 at% Fe alloy was feebly attracted by the magnet at 

77 °k and is barely ferromagnetic, and all the other alloys are : 

I 

ferromagnetic. The upturn effect in the present Gr-Fe-Si alloys | 

thus persists even after the material shows ferromagnetism with 
Curie temperature as high as 77^k. and above. The persistence 
of upturn effect was also observed for Cr-Fe-Al alloys upto 
(Cr^QFe^Q)gQAl^Q alloy (and possibly slightly beyond, this) which 
is known to be at the border line of non-ferromagnetic to ferro-- 
magnetic state s^^. However, it is quite possible that with 
increasing Fe content the present series of Gr-Fe-Si alloys pass. 
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throiif.';h a more complex seq.uerce of magnetic structures than given 
by tlio oom'paratively simple seq.uencei anti- ferromagnetism (Cr— Si)-*- 
super paramagnetic cluster formation - increase in the cluster 
number density - long range ferromagnetic order (Cr;Fe< 80:20). 

In the binary Cr-Fe alloys Ishikawa et al. have indicated the 
probable existence of a more complex magnetic structure than that 
suggested by the simple sequence described above. 

I'he prevalence of complex magnetic structures in the Or-Fe 
binary and the Or-Fe based ternary alloys which make unambiguous 
determination of V and p difficult is still further illustrated by 
the (CrgQFe^Q)gr^Si^ alloy. The C/I vs. plot of this alloy is 
shown in Figure 10. There is a distinct droop in the curve below 

whereas at higher temperatures it is a straight line. .The 

analogous binary alloy (Cr^oFo^Q) has a simple straight line 

o 2 "1 50' 

C/T vs. T^ relationship with a large slope. Ishikawa et al. 

suggested that the magnetic structure of the alloy is quite com- 
plex, and that there is a T^ dependent . contrihution, other than 
that originating from the lattice vibration, to the total specific 
heat. If this is so, then, the apparent value of p would be large. 

The straight line portion of the C/T vs. T^ plot of the 
(Cr 5 QFe^Q)g.^Sl^ alloy has a small slope as against the large 
slope in its binary counterpart. It is also interesting to note 
that no such anomaly is found in the Cr-Fe-Al alloys. The distinct 
droop in the C/T vs. T*^ plot similar to that in the present ternary 
(CrgQFe.jQ)^n,Si^ alloy was earlier reported for the binary Feg^Al^^ 
alloy, and it was attributed to the exigence of a complex magnetic 
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atructure The present alloy with its higT^ low P? ^ 

nf the C/T 'vs.T 

ho til o.-aoulatGi from the straight line portion oi 

plot, as alBO the anomaly in the low tempe^®-’^^® ^ a 

that comple:: mgnetic interactions are. acti"'''® i^, 

-f Alloys those with 

In the present series of (Cr-I'e-Sx) ax j 

I'e content greater than 19.40 at% are ferromagnetic 

^ , of these ferromagnetic 

to the simple test lescrihed earlier. 0^”'^ o 

A 0/ "Pp and 29 * fO ^ 

alloys those vdth 19.40 at'^I'e, 24.25 at/o 2 

, in their C/T vs. -I 

belong to the group showing upturn anomaxy 

/Iff at'^^'Sj 72.75 at^h^® 

plots. The remaining three alloys with 4°"^ o 

ith their Curie tempera- 

and 92.15 at^^jPe are strong ferromagnets 

The specifio heat 

turee above the ambient temperature, 25 -p m ' 

indicated earlier^ laxx 

data for each of these latter alloys, as i 

2 , H- Experimental wrlc on the 

on a straight line in a C/T vs. T plot. 

^.,,.^6 for SI ® 

variation of magnetisation with temperarnx 

™3/2 law of spin wa-ve theory. 

that the magnetisation follov^rs the T _ 

n- ^ 111 ferromagnetic n 

The existence of spin wave contribution x Tipph 

, ^ T specific heat, has heen 

Ee, though a email fraction of the -otal waves 

C.n • -Uio '01?^ BG3^CB Oi P 

reported by Dixon et al. ' Assuming rhe i. +inns from 

... the contrihutions iroxa 

in the ferromagnets whilst also retaining in the 

^ u may -oe written 

the other sources the molar specific hea 

(5.4) 

n3/2 


C = A + y- T -r pT^ + aT' 


for the alloys showing upturn effects, 
C = Y T + + aT^/^ 


(5.5) 
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for tho alloys with Pe content greater than 48.5 at% which 
apparently h.ivc normal straight line G/T vs! plots. 

I'ho analysis of the data for the. alloys with 19.40 at%i’e 
24»25 at%]!'e and 29*10 at^Fe, all of which show up turn anomaly 

O. 

in C/T vs. 1'" plots, based on the equation (5*4) using the method 
of least squares are shown in Table i?. For each of the three 
alloys there is a ]..arge increase in A, a substantial decrease in 
Y w)ion the equation ( 5 . 4 ) is used as against the three parameter 
equation (4*5). The 0j^ values for the alloys with 19*40 at%Fe 
and 24*25 at*^ Fe increased substantially making them comparable 
to those of their binary counterparts. However, for the alloy 
with 29*10 at% Fe the increase in 6^ is only marginal* 

An attempt to fit the specific heat data for the alloys 
with Fe content greater than 48.5 at% to the equation (5.5) 
resulted in physically unacceptable solution as shown in Table 17, 
in the sense that a turned out to be a small negative value for 
each of the three alloys (with 48.5 at /^Fe, 72.75 at%Fe and 
92. 15 at%Fe) . The specific heat data for these three alloys, 
shown in Figures 12 and 13 show very little scatter. Considering 
the accuracy of the specific heat data for these alloys and also . 
the results of fixon et al.^'^ our results seem to be somewhat 
strange. However, it is probable that the unrestricted solution 
of the :specific heat equations in general denot allow correct 
evaluation of the different parameters involved in them. This 
has earlier been realised^^’^'^ for Cr-Fe-Al alloys where unres- 
tricted solution of the three parameter equation (4.3) yielded 
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negative values of It is quite likely that in the; present case 
a restricted solution -of the equation (5*5) » rather than the 
unrestricted solution by the lea^t squares method, using the 
Value of p obtained by other techniques like the elastic constant 
measurements would be helpful in evaluating the true value of cc 
and hence the spin wave contribution to the specific heats. 

Ihe results of the electronic specific heat measurements 
for the present series of ternary alloys containing Si are shovn 
inPigure 16 as ay vs. e/a plot, Ihe results for the binary Cr-Pe 
and the ternary Cr-Pe with 10 at% and 20 av^Al alloys are also 
shown. In this figure the electronic specific heat coefficients 
for the ternary alloys are plotted as a function of electron 
concentrations corresponding to the composition in the transition 
metals only, disregarding entirely the A1 or Si content. It is 
apparent that the curve for the Cr-Pe--Si alloys is somewhat 
different from the binary Cr-Pe alloys and the ternary alloys 
of Cr-Pe with 10 and 20 at/^ Al. For the Cr-Pe alloys with 
10 at^Q Al there is practicalli/ no change in the y vs. e/a plot 
from that of the binary Cr-Pe alloys. Inis has been interpreted 
in terms of lack of interaction between the conduction electrons 
of Al and the 3d band, indicating localisation of 3s "Sp electrons 
of Al. Ihe nature of the curve for the 20 at%Al series, the 
composition at which the magnetic moment per atom in the Pe-Al 
alloys deviate from that given by simple dilr.tion, is different. 

In this case the curve for e/a > 6 shifts to v/ards higher transi- 
tion metal electron concentration, which is equivalent to. ^ ^ ^ 
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electron depletioii from the 3 d. hand. It has been noted^'^ that 
the sh:Lft is not uniform. In the second sub-hand the shift at 
e/a = 8 is greater than that at e/a < 8. In contrast, the 
curve for the Cr-fe-Si alloys has shifted, compared to the Cr-Fe 
series of alloys, towards lower transition metal electron concen- 
tration. The general features of the second subband, with a pro- 
minent high peak, are retained. However, the peak height, position 
and also the peak breadth have increased. It is, however, possible 
that the anomoloiis C/T vs. T relation of the (CrgQFe ^Q)gySi^ 
alloy prevented correct evaluation of y , thereby showing an 
apparent increase in the breadth as well as the shift of the 
peak to e/a = 6.2. The data of the (Crg^Fe^)grySi^ and 
(Crg(:;Fe^^)gr^Si^ alloys, however, appear to be reliable because 
their specific heat data could be fitted well with the three 
term equation ( 4 . 3 ) and thus the shift of the Y peak is real. In 
the particular representation employed in Figure 16,. the results 
of the Gr-Fe*-Si alloys would correspond to a filling up of the 
3d band by the conduction electroins of Si. From the peak posi- 
tion of the binary Or-Fo alloys at e/a = 6.385 and that of the 
Gr-Fe-Si alloys at e/a = 6 . 2 , it appears that d band filling is 
to the extent of about 0.2 electrons at the high Or side. like 
the Gr-Fe -20 at%Al alloys, the shift of the Y vs. e/a curve for 
the Gr-Fe-Si alloys is not uniform throughout the whole e/a 
range. It is larger in the high Gr range, 6. 8 > e/a > 6 where all 
the alloys exhibit .anomolous G/T vs. T^ curves. In the high Fe 
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Side of the alloy series, -e/a > 7, the shift of the curve is 
only marginal. The alloys in the latter composition range are 
all distinctl:^ ferromagnetic and they exhibit normal straight 
line C/T vs. curves. Magnetic data of Pe-Si alloys^® show 
that upto 10 at% Si the change in the moment per atom is due 
only to simple dilution. Therefore, it is expected that the Si 
solute, present to the extent of 3 at°// , in Fe neither develops 
any moment nor its conduction electrons have any appreciable 
interaction with the 3d band of Fe. Such magnetic data, within 
the purview of rigid band approximation, cannot explain the 
nature of the shift which is marginal towaras high Pe side 
(e/a > 7) and large in the high Or side (6 < e/a < 7) of the 
present Cr-Pe-Si series of alloys. 

6 1 

Theoretical investigations of Heine , and more recently 
by Hodges et al^'^ indicate that in the first long period transi- 
tion metal series the 3d band v/idth of Or is comparatively larger 
than that of Pe. sd hybridisation is also larger in Or than it 
is in Pe. The 3d band being highly dense and narrow in Pe there 

would be onl}/ feeble interaction between the 3d v,a.ve functions 

63 

and the 4s conduction electron. It ha.s often been presumed 
that at least three of the four 3s 3p'~ conduction electrons of each 
Si solute atom in Pe remain localised near the solute, shielding 
the excess charge. Therefore, the remaining conduction electron 
per Si solute atom in Pe v;ould mix with the 4s conduction ele- 
ctron v/a.ve fimction of Pe producing only dilution effect in the 
magnetic rnonent of Pe-Si system. This also explains the present 
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observation 'that Si addition has only marginal effect on the 

electronic specific heat of the alloys with high iFe concentra- 

tionSs e/a > 7* I'he early transition element Or has large sd 

64 

or probably spd hybridisation and its 3d band is less dense. 

2 2 

Therefore, the nonlocalised members of the four 3s 3p electrons 
of Si are expected to mix with the 3d wave functions of Cr, 
thereby raising the Fermi level. This probably is a possible 
reason for the reasonably large shift of the peak in the 
Y vs. e/a plot s.t the high Or region of the present Cr-Fe-Si 
alloys. 



CHAPTER VI 


COHCIUSIONS 

I* '-jR'ie electronic specific heat coefficients of the alloy 

3i^ is larger than that of pare Cr while the Dehye 
temperature Qj, of the binary alloy is much smaller than that 
of the pure element. A small amount of Si dissolved in Cr 
increases the electronic as well as the lattice contributions 
to the molar specific heat. 

2. The magnetic structure of the ternary ^^3 

alloys is quite complex. This is illustrated clearly by the 
anomolous C/T vs. T curve of the alloy (Cr^^ ^'^' 10^97 ^^3* 

The curve which is a straight line at higher temperatures, 
has a distinct domiward droop belov^ about 

3. The peak in the y vs. e/a plot of the ternary 

(Cr^Fe^ Si^ allo3r system, compared to that of the binary 

(Cr Pe. „.) alloj’ sj^'etem is higher. The peak in the present 
ternary system corresponds to the allo^f (Cr^Q ^®-](9'g7 ^^33 
vAnioh ^ wa,3 calculated from the straight line portion of the 

O 

curve. It is quite possible that the anomolous C/T vs. T'^ 
relation for this alloy prevented correct evaluation of V » 
thereby shovving an apparent increase in the peak height over 
that of the binary (Cr Ee. ) system. 

4 , Compared to the binary alloy system the 

vs. e/a curve of the ternaiy (Cr^ ^'®-l_x^97 ®^3 shifted 
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tow£g?ds lower transition metal electron concentration indicating 
a possible interaction between the conduction electrons of Si 
with the 3 d band of the transition metals. Prom the peak posi- 
tion of the binary (Or Pe. „) alloys at e/a = 6.38 and that 
of the (Cr^Pe^_^)qy Si^ alloys at e/a = 6.25 it appears that 
the d band filling by the conduction electrons of Si is to 
the extent of about 0.18 to 0.2 electrons. 
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APPENDIX A 


PROCEDlJIiE EOR USM WOOD'S MBIAL SODDER 

Wood's metal, having the advantage of being a low melting 
solder, is used for making the demountable calorimeter can joint, 
as the joint can be made without damaging the nearby electrical 
lead wire connections made with 60:40 tin-lead solder. However, 

>0 

Wood's metal is a difficult solder material to handle in the 
sense that it has inferior wetting property necessitating the 
use of corrosive acid flux. Por good leak proof joint the 
following scheme was evolved and was found to give satisfactory 
results. 

Initial finning : 

Before the electrical lead wires v/ere inserted the 
copper collar of the calorimeter can and the lip of the calori- 
meter top were cleaned v/ith coarse and fine emery papers, washed 
in running water and dried. I'he dried surfaces were tinned with 
60:40 tin-lead solder uniformly, waping away the excess solder 
material with a clean cloth. Ihe tinned surface, cleaned of excess 
rosin flux, fornis excellent base for Wood's metal. Ihe tinned 
surfaces were then coated with Wood's metal using acid flux. 

Acid Plux for Wood's Metal : 

Por the best performance several acid fluxes ware tried. 

1:5 dilute PO^ worked w;ell except that it has certain dis- 
advantages. This flux is extremely corrosive and gives irritatin 
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P'un,(‘>:ent vaiKriir. Ita other great disadvantage is that it often 
leaves oxtroraely adhering sticky scum preventing proper wetting 
of the surfaces concerned with the solder material. The zinc 
chloride flux proved satisfactory. Commercial grade. Zn was 
dissolved in l.R. grade dilute (1:2) EOl acid hy keeping for 
about 48 hours, till the reaction was complete. Sufficient 
amount of Zn was used such that some of it remained undissolved. 
The supernatant liquid, made acidic by addition of a fev/ 
drops of concentrated HCl, ms used for flux. 

Joining Procedure : 

Tor actual joining, the tinned and subsequently Wood's 
metal coated surfaces were vretted ?uth flux and assembled. The 
solder material was put around the joint with a clean and tinned 
(with Yfood'si '.metal) lov; wattage solder iron. When enough 
material collected, the solder iron vas moved around the joint. 
In a short time the solder material all along the joint melted, 
which ?/hen left to cool by itself produced good vacuum tight 
joint . 


Table 18: Control sv/itch positions for low .temperature specific heat measurements. 
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APPENDIX G 


CALGUIiATIOI OE SPEGIPIG SEAT PROM EXPERBESTAL liATA 

The specific heat sit constant volume is defined, as, 

G^ = (dE/dT)^ (C-1) 

v/here dB is the change in energy .of the system and d-T the 
corresponding change in temperature. Por solids near the 
absolute zero temperature.^ 

G = Gp = = (dE/dT) (G-2) 

In the present investigation the supply of energy to the 

2 

system is in the form of electrical energy = i Rt, where 
i = heating current in mA, R = heater coil resistance in ohms 
and t = duration of a heat pulse in seconds. Hence, the specif. •! 
heat equation can be written as, 

G = — LJ'AlL. X 10"^ cal.mcl."^ deg."”' (G-3) 

n.J.(T2 - 2.^) 

v/here n = totaJ. number of moles of the specimen, J = electrical 
equivalent of heat and T^ and T^ are the final and initial 
temperatures, respectively. In the expres.sion (G-3) a correction 
is necessary because of the presence of the heater-thermometer 
assembly, sandwitched between the tv/o halves of the specimen. 
Gorrections needed to take into account the change in the 
heater resistance between 4«2°k and !.4°X a.pd the heat dissipa- 
tion through the leads connecting the .deate:': coil to the Kovar 
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plug in the calorimeter cap have already been indicated in 
equation (4.2). 


The total heat capacity for the specimen and heater- 
• thermometer assembly can be written as, 


nC = n C + n^, 

s s Cu Cu 


(C~4) 


where n^ and n^^ are the numbers of moles of the specimen and 
of the heater-thermometer assembly including the tying wire 
taken into account as copper, respectively; and are the 
specific heats of the specimen and of the heater-thermometer 
assembly, respectively. Since the speoriic heat of copper 
^ iu the form of Gq^ T^, the equation 

(0-3) can be rewritten as,' 


G^ i^.Rpj.t. 10“^ 


n 


T 


Gu 


n^.J.Tdg-T^) 


y X 10^ - ^ 
n^ ' Cu ^ " n„ ^Cu 

o S 


Pp T^xio"^] 


xIO""^ cal .mol.“%eg.“^ (0-5) 


where T ~ 2^12; + T^) , and Rg is the effective heater resistance 
as indicated in the equation (4 . I). 
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